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Existing evidence supports the increasing consumption of unhealthy diet and associated 
growing impact on the current burden of non-communicable diseases (NCDs) globally. 
However, evidence on the extent of diet-related NCD burden remains limited. Firstly, this 
thesis assesses the trends in diet-related NCDs in Australia from 1990 to 2015 and 
compares the results with other countries of the Organization for Economic Co-operation 
and Development (OECD). 
Fourteen dietary risk factors (eight food groups, five nutrients and fibre intake) were 
included in Global Burden of Disease (GBD) 2015. Body mass index, total serum 
cholesterol, fasting plasma glucose and systolic blood pressure were considered to 
mediate the relationship between dietary factors and NCDs. The results demonstrated that 
over the past 25 years, the burden of diet-related NCDs in Australia has declined. 
However, despite this and improvements in Australia’s comparative global standing, the 
relative contribution of dietary risk factors to NCD burden is still high in Australia. In 
2015, nearly one-fifth (19.7%) of NCD deaths in Australia were attributable to dietary 
risk factors. Young (25–49 years) and middle-age (50–69 years) males had a higher 
population attributable fraction of diet-related NCD deaths and disability-adjusted life 
years (DALYs) than their female counterparts. Overall, more than three-quarters (80.5%) 
of diet-related NCD deaths were caused by cardiovascular disease (CVD) and 42.3% of 
all CVD deaths were attributable to dietary risks. Diets low in fruits, vegetables (FV), 
nuts and seeds, and whole grains, and high in sodium were the major contributors to both 
NCD deaths and DALYs. 
The findings above form the basis for the remaining studies presented in this thesis. The 
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above study did not look at the impact of diet on musculoskeletal diseases, specifically 
on osteoporosis and fractures. In the subsequent studies, I hypothesize that diet is an 
important risk factor for osteoporosis and fractures.  
Previous studies on the association between dietary patterns and bone mineral density 
(BMD) have reported inconsistent findings. Data from the North West Adelaide Health 
Study (NWAHS), a population-based cohort study undertaken in Australia, are used to 
assess this association among adults aged 50 years and above. Overall, 1182 adults (545 
males, 45.9%) had dietary data collected using a food frequency questionnaire (FFQ) and 
also had BMD measurements taken using Dual-energy X-ray absorptiometry (DXA). 
Factor analysis using the principal component analysis (PCA) method was applied to 
ascertain dietary patterns. Two distinct dietary patterns were identified. Pattern 1 
(‘prudent’ pattern) was characterised by high intake of FV, sugar, nut-based milk, fish, 
legumes and high-fibre bread. In contrast, pattern 2 (‘Western’ pattern) was characterised 
by high levels of processed and red meat, snacks, takeaway foods, jam, beer, soft drinks, 
white bread, poultry, potato with fat, high-fat dairy products and eggs. Compared with 
the study participants with lowest consumption (first tertile) of the ‘prudent’ pattern, 
participants in the third tertile had a lower prevalence of low BMD (prevalence ratio (PR) 
= 0.52; 95% confidence interval (CI): 0.33, 0.83) after adjusting for sociodemographic, 
lifestyle and behavioural characteristics, chronic conditions and energy intake. 
Participants in the third tertile of the ‘Western’ pattern had a higher prevalence of low 
BMD (PR = 1.68; 95% CI: 1.02, 2.77) compared with those in tertile 1. In contrast to the 
‘Western’ diet, a dietary pattern characterised by high intake of FV and dairy products is 
positively associated with BMD.  




BMD provides further insight into the physiological mechanisms of how dietary patterns 
impact BMD. There is limited evidence of the link between the overall nutrients intake 
from diet and BMD. I assess the association between nutrient patterns and BMD among 
an older Australian population. Participants (n = 1135; males, 45.8%; median age, 62.0 
years) with dietary and BMD data in the NWAHS were included. Dietary intake was 
assessed using a FFQ. BMD was measured using DXA. Nutrient patterns were identified 
by factor analysis. Linear regression analyses were conducted to assess the association 
between nutrient patterns and BMD. Multiple imputation and sensitivity analyses were 
conducted to investigate the effect of missing data on the estimates. Three nutrient 
patterns (animal-sourced [cholesterol, protein, Vitamin B12 and fat], plant-sourced [fibre, 
carotene, vitamin C and Lutein] and mixed-source—a combination of both animal- and 
plant-sourced [potassium, calcium, fibre, retinol and Vitamin B12]) were identified. After 
adjusting for sociodemographic, lifestyle and behavioural characteristics, chronic 
conditions and energy intake, animal (β = −4.07; 95% CI: −11.89, 3.76) and plant-sourced 
(β = −0.99; 95% CI: −7.43, 5.45) patterns were not associated with BMD. However, I 
found that the mixed-source pattern was positively associated with BMD (β = 10.86; 95% 
CI: 1.91, 19.80). There were no interactions between the pattern, other covariates and 
BMD. The multiple imputation and sensitivity analyses including missing data identified 
similar patterns of association between nutrient patterns and BMD. Whereas animal- and 
plant-sourced nutrient patterns are not associated with BMD, a mixed-source pattern may 
prevent a reduction in BMD. 
In addition to investigating the association of dietary and nutrient patterns with BMD, the 
relationship between long-term dietary and nutrient patterns and the ultimate consequence 
of low BMD (i.e. fracture risk) is pivotal. However, studies on long-term exposure to 
foods/nutrients and the associations with fracture risk are scarce. Using data from the 
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China Health and Nutrition Survey, I determine the prospective association of dietary and 
nutrient patterns with fractures. Data from 15,572 adults aged ≥18 years were analysed. 
Fracture occurrence was self-reported and dietary intake data were collected using a 24-
hour (24-h) recall method for three consecutive days, for each individual across nine 
waves (1989–2011). I used cumulative and overall mean, recent and baseline dietary and 
nutrient exposures. Hazard ratios (HR) were used to determine the associations. Two 
dietary (traditional and modern) and two nutrient (plant- and animal-sourced) patterns 
were identified. After adjusting for potential confounders, study participants within the 
highest intake (third tertiles) of the modern dietary and animal-sourced nutrient patterns’ 
cumulative scores had a 34% (HR = 1.34; 95% CI: 1.06–1.71) and 37% (HR = 1.37; 95% 
CI: 1.08–1.72) increase in fracture risks compared to those in the first tertiles, 
respectively. While the overall mean factor scores of dietary and nutrient patterns had a 
similar (or stronger) pattern of association as the cumulative scores, no association 
between recent and baseline scores and fracture was found. Greater adherence to a 
modern dietary and/or an animal-sourced nutrient pattern is associated with a higher total 
fracture risk. This suggests that a modern animal-based diet is related to bone fragility. A 
repeated three-day 24-h recall dietary assessment provides a stronger association with 
fracture compared to a recent or baseline exposure. 
In the above studies, I used factor analysis with PCA method. However, in addition to 
this method, there are other common data reduction methods. The relative advantages of 
these methods, particularly in identifying dietary patterns associated with bone mass, 
have not been investigated. I evaluated three methods: PCA, partial least-squares (PLS) 
and reduced-rank regressions (RRR) in determining dietary patterns associated with bone 
mass. Dietary patterns were constructed using PCA, PLS and RRR and compared based 




content (BMC). PCA, PLS and RRR identified two, four and four dietary patterns, 
respectively. All methods identified similar patterns for the first two factors (factor 1, 
‘prudent’ and factor 2, ‘Western’ patterns). Three, one and none of the patterns derived 
by RRR, PLS and PCA were significantly associated with bone mass, respectively. The 
‘prudent’ and dairy (factor 3) patterns determined by RRR were positively and 
significantly associated with BMD and BMC. Vegetables and fruit pattern (factor 4) of 
PLS and RRR was negatively and significantly associated with BMD and BMC, 
respectively. RRR was found to be more appropriate in identifying more (plausible) 
dietary patterns that are associated with bone mass than PCA and PLS. Nevertheless, the 
advantage of RRR over the other two methods (PCA and PLS) should be confirmed in 
future studies. 
The findings from these studies indicate that diet is a leading risk factor for the current 
burden of disease in Australia and has a significant impact on bone health among adults 
in Australia and China. In identifying dietary patterns that are associated with bone health, 
dietary data collection and analysis methods are important factors that potentially bias 
findings. These analyses have not previously been undertaken and indicate the potential 
implications of diet on long-term bone health. The findings have significant implications 
in public health interventions and clinical practices. Future studies should focus on the 
potential mechanisms and pathways of the associations of diet with osteoporosis and 
fracture risks. Identification of mediating factors and investigating their roles in the 
pathways should be the focus of future studies. Further evaluation of statistical methods 
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As global life expectancy increases significantly and deaths due to communicable 
diseases decrease, non-communicable diseases (NCDs) have become the leading causes 
of death [1-3]. Global crude death and disability-adjusted life years (DALYs) rates due 
to NCDs in 2016 were 535 and 19,859 per 100,000, respectively. The average crude death 
and DALYs rates as a result of NCDs in high-income countries were 806 and 22,950 per 
100,000, respectively [3]. In 2016, cardiovascular diseases (CVDs) (239 deaths per 
100,000 people), neoplasms (121 deaths per 100,000) and chronic respiratory disease (48 
deaths per 100,000) were the most common causes of mortality globally. In terms of 
DALYs, CVDs (4777 DALYs per 100,000) and neoplasms (2884 DALYs per 100,000) 
were the two highest-ranked NCDs [4]. In addition to these major health problems, 
musculoskeletal disorders (MSDs) have contributed significantly to the current burden of 
disease in adults and aging population [5].  
MSDs are major contributors to disability, measured by years lived with disability 
(YLDs) [2]. In 2016, an estimated 89,228 deaths were reported due to MSDs. The crude 
YLDs rate associated with MSDs were 1865 per 100,000 [4]. The burden is expected to 
increase as a result of the aging population. MSDs could have an impact on susceptibility 
of NCDs (e.g. CVDs and neoplasms) by profoundly limiting physical activity [6], an 
acknowledged risk factor associated with both conditions. Further, impaired 
musculoskeletal health has a positive association with functionality loss, fragility and 
independency, leading to personal and community level consequences, and ultimately 
resulting in multimorbidity and mortality [6-9]. As a result, the health care cost associated 
with MSDs and its consequences is increasing in developed countries. For instance, in 




Osteoporosis, a condition characterized by a disruption of the balance between bone 
formation (decreased) and resorption (increased) [12], is potentially preventable or at 
least manageable MSD. Although the extent of the condition is underestimated, it affects 
a significant segment of the population globally and in developed countries [13]. It has 
been estimated that more than 200 million people worldwide had osteoporosis in 2010 
[14]. Associated with this condition, the prevalence and consequences of osteoporotic 
fractures has increased [15, 16]. It has been shown that osteoporosis and other NCDs are 
likely to coexist [17, 18] with a bidirectional effect on each other. In addition, there are 
common behavioural risk factors associated with osteoporosis and other NCDs, including 
diet and physical activity [19, 20]. The extent and influence of these risk factors has 
increased globally, particularly in developed countries [20]. 
As a result of the global phenomenon related to an increasing NCD burden and its risk 
factors, the United Nations (UN) developed and endorsed a political declaration in 2011 
[21] and the third Sustainable Development Goals (SDGs) [22] to enable the prevention 
and control of NCDs. One of the focus areas of the declaration and goals is in reducing 
risk factors of NCDs at different levels. NCDs are predisposed by various interrelated and 
correlated risk factors. These risk factors could be modifiable or non-modifiable. Socio-
cultural, economic, behavioural, health interventions, environmental/occupational, 
metabolic, and genetic are alternative broad classifications of risk factors [23, 24]. Of all 
NCD-related deaths in 2016 globally, 64.4% were attributable to behavioural (43.0%), 
metabolic (42.9%) and environmental/occupational (16.0%) factors. Dietary risk factors 
were the leading risks of all-cause and NCD-related deaths globally, contributing 18.8% 
of all-cause deaths or 26.1% (10.3 million) of the global NCD-related deaths in 2016 [20].  
Bone mass is influenced by modifiable lifestyle factors. Of these factors, the impact of 
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nutrition on bone mineral density (BMD) is pivotal [19]. A number of studies have shown 
associations of individual nutrients [19], foods [19, 25] and food patterns [26] with BMD 
and osteoporosis. In addition, previous studies have also demonstrated associations 
between  nutrients [27], foods [28, 29] and dietary patterns [30, 31] with fracture risks. 
For instance, although the evidence is limited, a study demonstrated that increased soda 
intake was positively associated with hip fracture among postmenopausal women [32]. 
The association of diet with BMD, osteoporosis and fracture risk could be due to a direct 
effect of nutrients [19, 33, 34] and food groups [19, 35] or indirectly through its effect on 
inflammation [36] and other NCDs [37, 38].  
However, accuracy and precision of dietary data collection and analysis methods have 
been long-standing major challenges in the area of nutritional epidemiology [39, 40]. In 
the past two decades, with the increasing development of statistical software and their 
applications, dietary data collection and analysis methods have been improved [41, 42]. 
As a result, dietary analysis methods have shifted from an individual food-/nutrient-based 
approach to a comprehensive analysis of diet and nutrients to reflect the overall intake 
and an interaction of foods and nutrients. There has been a growing body of evidence that 
has shown the importance of dietary analysis methods (both a posterior and a priori) in 
identifying dietary patterns associated with health outcomes [43-45]. These methods 
include principal component analysis (PCA) [46], partial least-squares (PLS) [47] and 
reduced-rank regressions (RRR) [48]. PCA is purely a posteriori method while RRR and 
PLS are combinations of both a priori and a posteriori analysis methods. These methods 





1.2 Rationale for this thesis 
Existing evidence supports the increasing consumption of unhealthy diet and associated 
growing impact on the current burden of NCDs globally [49, 50]. However, it is not 
known what proportion of the current NCD burden is attributable to dietary habits. In 
addition, a ranking of countries based on the burden of NCDs attributable to dietary risk 
factors has not been investigated and there is limited evidence to show which dietary 
components are the leading contributors to the current burden of disease.  
While it is essential to determine the health effect of individual foods and nutrients, 
acknowledging the interaction of these components is equally important. Foods and 
nutrients are consumed as a whole, not as single entities and dietary habits may vary 
across communities due to religious and cultural differences and food availability [51]. 
Previous studies have not investigated the association between nutrient patterns and BMD 
and long-term associations of nutrient and dietary patterns with fracture risks have also 
not been assessed in previous studies. To address this, the application of dietary pattern 
analysis methods (both a posterior and a priori methods) has become a common practice 
in nutritional epidemiology. These methods are important and popular because they are 
useful approaches in identifying dietary habits, taking the relative contribution of each 
food items consumed (rather than focusing on a single item) into account, and providing 
a comprehensive picture of dietary behaviours [51]. However, although there are studies 
that have evaluated different dietary patterns analysis in association with other outcomes 
[52, 53], no studies have evaluated these in relation to BMD, bone mineral content (BMC) 
or osteoporosis.  
Therefore, this thesis will fill the aforementioned gaps by adding a body of evidence on 
diet-related burden of NCDs (particularly in developed countries) and how dietary and 
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nutrient patterns are associated with BMD, BMC, osteoporosis and fracture risk. By 
comparing common dietary analysis methods in nutritional epidemiology (PCA, PLS and 
RRR), the thesis will contribute to this growing field.  
1.3 Aims and objectives 
This thesis is in three parts. The first aims to assess the impact of dietary risk factors on 
the overall the burden of common NCDs (CVD, cancer and diabetes mellitus) in Australia 
and other developed countries using the Global Burden of Disease (GBD) Study. 
Secondly, the thesis aims to investigate the associations of dietary and nutrient patterns 
with BMD, osteoporosis and fracture risks among adults using datasets from Australia 
and China. Finally, the thesis compares common dietary pattern analysis methods in 
identifying patterns that are associated with BMD and BMC. 
The objectives of this thesis are:  
 To assess the contribution of dietary risk factors to the current NCD-related 
disabilities and mortality in Australia 
 To examine whether dietary patterns were associated with low BMD in older 
adults 
 To identify nutrient patterns and investigate how the patterns are  associated with 
BMD in aging adults 
 To investigate the association of dietary and nutrient patterns with fracture risks 
in adults 
 To compare RRR, PLS and PCA methods in identifying dietary patterns 





1.4 Format and outline of the thesis  
The first chapter of this thesis contains an introduction, rationales and objectives. In the 
second chapter (CHAPTER 2), a detailed review of literature is provided on the burden 
and risk factors of NCDs. Diet-related burden of disease and the association between diet 
and bone fragility are the main focuses of this chapter. CHAPTER 3 provides an overview 
of method for all studies in the thesis. CHAPTER 4 contains a published paper which 
focuses on the overall burden of NCDs associated with dietary risk factors in Australia 
and compares with other 34 members of Organization for Economic Cooperation and 
Development (OECD). CHAPTER 5 assesses the association between dietary patterns 
and osteoporosis. The subsequent chapter (CHAPTER 6) identifies nutrient patterns 
associated with BMD/BMC. CHAPTER 7 focuses on the associations of dietary and 
nutrient patterns with fracture risks among adults and, CHAPTER 8 focuses on the 
evaluation of common dietary analysis methods (RRR, PLS and PCA) in association with 
BMD. The last chapter contains discussions of the overall findings, future directions and 




























2.1 Burden of non-communicable chronic diseases 
NCDs impose a major burden on health worldwide. Globally, 38 million (68%) deaths 
each year are due to NCDs. Of these, 16 million (more than 40%) are premature deaths 
(deaths that occur between 30 and 70 years of age). By 2030, NCD deaths are projected 
to be 53 million [54]. In 2016, with 17.7 million deaths, CVDs were the leading causes 
of deaths, followed by cancer (8.9 million), chronic respiratory diseases (3.5 million) and 
diabetes/urology/blood and endocrinology disorders (3.2 million) [4]. Although MSDs 
are often neglected chronic diseases [55], the health and economic impact of the disorders 
have been already high and increasing [2]. In 2016, an estimated 140 million DALYs 
were due to MSDs [4].  
2.2 Burden of musculoskeletal disorders 
MSDs are a group of disorders that include osteoporosis, fractures, low back pain, neck 
pain, osteoarthritis, rheumatoid arthritis and gout. These conditions affect the muscles, 
bones, soft tissue and joints, and spine and all age groups. In 2016, 1.3 billion (17.8%) 
people had MSDs worldwide. In the same year, an estimated 652 million new cases of 
MSDs were reported [4]. Of the MSDs, osteoporosis and fractures are associated with 
significant disability, mortality, social and economic burden and the conditions are 
increasing in societies which warrant a due attention by clinicians and public health 
practitioners.   
2.2.1 Osteoporosis 
Pathophysiology, definition and measurements of osteoporosis 




a complex internal structure. This structure is maintained by bone modelling and 
remodelling. It is constantly formed and resorbed throughout life as the result of the 
opposing activities of two major cell groups—osteoblasts and osteoclasts. Osteoblasts 
have a building role (formation of bone tissues) as opposed to osteoclasts which resorb 
bone [56]. However, disruption of the balance between bone formation and resorption 
due to excessive production of osteoclasts or inadequate presence of osteoblasts leads to 
bone loss and hence osteoporosis (bad bone) [12].  
Objective definitions and measurements of osteoporosis vary by age, sex, race, skeletal 
site measured, the technology used, and even by country of residence [57-61]. However, 
generally, it can be defined as a condition of compromised bone quantity (BMD) and 
quality (architecture) which can consequently lead to low-trauma fracture [59]. Based on 
predisposing factors, there are two major categories of osteoporosis—primary and 
secondary. Primary osteoporosis can occur in both sexes and at any age but it is more 
common among menopausal women or very elderly men, whereas, secondary 
osteoporosis is predisposed by specific conditions, like diseases, such as chronic liver 
diseases [18] and medications, for instance, glucocorticoids [62]. 
Osteoporosis can be diagnosed by history, physical examination, biochemical samples, 
radiography and bone densitometry (e.g. Dual-energy X-ray Absorptiometry (DXA)) [58, 
63]. Screening survey tools have also been developed, tested and used to identify 
osteoporosis risk at community level [64, 65]. These methods have different levels of 
sensitivity and specificity. Currently, the gold-standard method is DXA. Values of the 
measurements of DXA can be expressed in grams, grams/centimeter2 and Z- or T-score. 
A T-score indicates how much bone mass is higher or lower than the bone mass of a 
healthy 30-year old person [58, 59]. The most accepted definition is that, according to the 
12 
 
World Health Organization (WHO), individuals with T-scores ≤ -2.5, between -2.5 and -
1, and ≥ -1 are classified as osteoporotic, osteopenic and normal, respectively [58].  
Burden of osteoporosis 
The burden of osteoporosis continues to be high at a global level [14]. In developed 
countries, varying and increasing prevalence estimates have been reported. In the year 
2010, 53.6 million adults were diagnosed with low BMD in the United States of America 
(US). It was also projected that this number will be increased to 64.6 and 71.4 million by 
the years 2020 and 2030, respectively [66]. In Europe, 27.5 million (22 and 5.5 million 
women and men, respectively) residents were diagnosed with osteoporosis in 2010. This 
figure was predicted to increase [67] and varies significantly by country. The highest (33 
million) and lowest (152, 000) absolute numbers of osteoporosis were reported in 
Germany and Malta respectively [68]. Common to all developed nations including 
Australia, the prevalence and incidence of osteoporosis among older people and 
particularly women is higher [66, 68-70].  
Although national and state-level estimates in Australia are largely based on self-reported 
prevalence of osteoporosis, there is a documented evidence of epidemiological studies 
which have objective measurements [71-74]. According to an Australian Bureau of 
Statistics report, 6% of men and 23% of women aged 50 years and above had osteoporosis 
in 2006. In 2012, 3.3% (5.3% and 1.2% in men and women, respectively) of the general 
Australian population had osteoporosis which is double the 2000 estimate (1.6%). This 
figure was higher among those aged 50 and above (15% and 3% in women and men, 
respectively) [71]. Another report in 2012 revealed that 1.04 and 3.70 million Australians 
over 50 years of age (66% of people over 50) had osteoporosis and osteopenia, 




osteoporosis or osteopenia which is a 31% increase from 2012 [11].  
However, all the above estimates are based on self-reported surveys, hence these figures 
may lead to bias by underestimating the magnitude of the problem [75] because a person 
with osteoporosis does not know that they have the condition until there is fracture, 
particularly as a result of low-trauma. Some more recent epidemiological studies have 
used objective measurements (DXA) of osteoporosis. For instance, the recent estimate 
from the Geelong Osteoporosis Study was 23% and 6% among women and men aged 50 
years and older, respectively [76]. The Concord Health and Ageing in Men Project 
(CHAMP) has reported that a quarter of men has osteoporosis [74].  
The Australian National Health Survey (NHS) findings for South Australia reported a 
prevalence of 4.0% for osteoporosis which is higher than the national average and well 
above each of other states of Australia [71]. Trend analysis in the South Australian 
population has demonstrated a significant increase in osteoporosis prevalence over the 
past years [77, 78]. For instance, Gill et al. noted that between 1995 and 2006 there was 
a significant increase of osteoporosis in the general population and elderly people. In 
these years, 3.7% and 6.9% of the South Australian population were diagnosed with 
osteoporosis using self-report. This report added that the risk of osteoporosis was higher 
in older people and women. It also stressed underestimations in reports of osteoporosis 
epidemiology in South Australia [78].  
The North West Adelaide Health Survey (NWAHS) is one of the few longitudinal 
epidemiological studies in Australia which examines the prevalence and incidence of 
osteoporosis. This study has collected both self-reported and DXA measured prevalence 
of osteoporosis. In the study, the prevalence of DXA measured low BMD among 50 years 
and over was 18.6%, of which 3.6% and 15.0% were osteoporotic and osteopenic, 
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respectively [73, 75].  
Consequences of osteoporosis 
Available evidence suggests that the burden of osteoporosis is high and increasing 
significantly. Low-trauma fracture, increased risk of mortality, dependency, decreased 
life quality and psychological impact are major consequences of osteoporosis [13, 79-
81]. Globally, a third of fall-related deaths were attributed to reduced BMD [13].  These 
consequences bring additional economic pressure at individual and community levels by 
increasing health care, medication and other indirect costs [79-82].   
In terms of disability burden, the relative impact of low BMD is also increasing (Figure 
2.1). In 2016, there were 12 million DALYs and 5.6 million YLDs associated with low 
BMD at a global level. In the same year, 441, 226 deaths were associated with the 





Figure 2.1 Number and age-standardized proportion of all-cause disability-adjusted 
life years (DALYs) and deaths attributable to low bone mineral density, 1990-2016 
[83] 
An increasing effect of osteoporotic fractures in terms of cost, DALYs, YLD, death and 
years of life lost (YLLs) due to premature mortality has been observed in high-income 
countries [13, 68, 80, 82, 84]. In these countries, the risk of death due to low BMD is 
higher than the global average. In 2016, it was estimated that 9.1 deaths per 100,000 
population (age-standardized rate) in these countries were due to low BMD which is a 
16.0% increase from 1990’s estimate. Almost 1.5 million YLD and 2.4 million DALYs 
due to low BMD were observed in the same year [83].  
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Low BMD was a risk for 0.8% of all Australian deaths in 2016. The age-standardized 
proportion of deaths was increased by 61.0% from 1990’s estimate. Similarly, almost 
26,994 YLDs and 45,277 DALYs were caused by low BMD. The age-standardized 
DALYs rate was increased by 22.2% between 1990 and 2016. These effects were larger 
among elderly people and males [83]. An increasing burden of low BMD could be 
partially accounted for a better life expectancy resulting in an increased proportion of 
elderly people [3]. 
In terms of death and other outcomes, osteoporosis creates a significant burden on the 
Australian population. In 2012, of all fractures in Australia, 140,882 (2765 fractures) per 
week were due to low BMD. This number is estimated to increase to 3521 per week in 
the year 2022. It is also estimated that 1.6 million fractures will occur among Australians 
between 2012 and 2022. Females share 70% of all low BMD burden in the country [11]. 
The impact of osteoporosis in terms of financial costs is the other feature which has been 
observed in the Australian health care system [11, 85].  It is believed that Australia lost 
171 million dollars due to osteoporosis in 2008/2009 [85]. It is also predicted that the cost 
as a result of osteoporosis, osteopenia and fractures will be $A33.6 billion between 2013 
and 2022 with gradual increase over time [11].  
2.2.2 Bone fracture 
Fracture rates are high both in developed and developing countries [86, 87]. In the China 
National Fracture Study (CNFS), a nationally representative study from eight provinces, 
24 urban cities and 24 rural counties that involved 512,187 participants, the incidence of 
fracture in 2014 was around 3.2 per 1000. This study indicated that fracture is a major 
public health issue in the country with various lifestyle and behavioural risk factors, 




was not considered in the analysis.  
BMD is an important predictor of fracture [89]. Osteoporosis causes more than 8.9 
million fractures per year [87]. Thirty percent of women and 20% of men aged 50 years 
and above will have osteoporotic fractures in their lifetime [90, 91]. Excess mortality and 
disability as a result of osteoporotic fracture cause high health and social burdens [68]. 
An increased life expectancy and the growing proportion of aging population result in the 
increased incidence of osteoporotic fracture. Other factors, such as previous fracture 
history [92], comorbidities [93], and diet (nutrients) [30, 94] are also associated with 
fracture risks.  
2.3 Risk factors of osteoporosis and fracture 
In order to prevent or to delay the onset of osteoporosis and associated fractures and to 
maintain bone strength through the lifespan, achieving optimal bone mass is crucial [95, 
96]. However, there are many factors which prevent this from happening. Like other 
NCDs, determinants of osteoporosis are multifaceted and interlinked. Genetic, lifestyle, 
nutritional, medical disorders, medications, and metabolic (biological) risk are identified 
as major contributors to the development of osteoporosis [97]. These risk factors are both 
non-modifiable and modifiable. Determinants of low BMD and their relationship to each 






Figure 2.2 Summary of factors associated with bone mineral density and low-trauma 
fracture 
Non-modifiable risk factors include female sex [98-102], ethnicity [102, 103], age [98, 
102, 104], genetics [97, 105-107], family history of fracture [97, 108], season [109-113], 
small body frame [97], late menarche [97, 114], premature menopause [97, 115], and 
menopausal state [115]. The risk of osteoporotic fracture in females is reported to be one 
in three compared to one in five in males. This is primarily due to late bone mass gain 
during adolescence and faster bone loss later in life. Old age also increases the risk of 
osteoporosis by two to fourfold [103]. 
Another interesting feature of osteoporosis is that it is associated with other chronic 
conditions which may suggest the risk of comorbidity could be higher among those with 
osteoporosis. Obesity [116], rheumatoid arthritis [117], CVD [17], type 2 diabetes [118], 




endocrine disorders [115] have been found to influence BMD negatively.  
In addition, metabolic (biological) risk factors have been reported in various studies. 
Studies have shown that cholesterol level is inversely associated with BMD [120]. It is 
also reported that adipokines [121], homocysteine [122], and oestrogen levels in the blood 
have a negative association with BMD [123]. Other biological factors that could affect 
BMD are atherosclerosis [124] and serum acid-base balance [125]. Studies have also 
observed the impact of proportion of fat to lean mass on BMD, with fat mass negatively 
associated with BMD as opposed to lean (muscle and bone) mass [126, 127]. A study on 
waist circumference has found an inverse relationship with BMD [116]. 
Some drugs used for treatment of chronic conditions are also risks for bone loss. For 
instance, anti-cancer drugs [95], corticosteroids [95, 128], Depo-Provera [129, 130], 
anticoagulants [131, 132] and anticonvulsant, anxiolytics, sedatives, antidepressants and 
neuroleptics [133] have been associated with the risk of developing osteoporosis.  
There are treatment options which could help to regain bone loss, especially in elderly 
people. These include hormone replacement therapy [95] and bisphosphonates [134]. But, 
modifiable risk factors can be used as an intervention targets to reverse, delay or prevent 
the progression and onset of osteoporosis. These factors could be behavioural, lifestyle 
and nutrition-related [135-142]. Nutrition, known for its major and central role to build 
and maintain BMD, is becoming the focus area of interventions against osteoporosis 
[143-145].  
2.4 Nutrition and non-communicable chronic diseases 
Poor dietary quality, such as high salt, unsaturated fat and sugar intake and low fruit and 




NCDs and mortality and disability. Diet is a leading risk factor for mortality at the global 
level, causing one in five deaths in 2016 [20]. Reducing salt intake to 6 g/day could 
prevent 2.5 million deaths globally every year [146].  
In 2016, a diet low in whole grains accounted for the largest number of deaths (4.6% [3.0–
6.4]), followed by a diet low in fruits (4.3% [2.7–6.3]) and a diet high in sodium (4.2% 
[1.2–8.3]). In the GBD risk factors study, it has been reported that most of the NCD deaths 
and DALYs are related to low intake of a healthy diet rather than a high intake of 
unhealthy foods [20]. It has been indicated that more than half of diet-related deaths 
(51.5% [44.2–59.2]) and DALYs (54.1% [47.1–61.5]) were caused by CVDs. Despite the 
available evidence on the importance of diet in predicting NCD risk, studies comparing 
developed countries in relation to diet-related burden of diseases are limited.  
2.5 Nutrition and musculoskeletal disorders 
2.5.1 Individual nutrients and bone fragility 
Macronutrients 
Half of the volume of bone and a third of its mass is made up of protein [147]. Protein 
intake can affect bone health in several ways. It forms bone matrix, increases insulin 
growth factor-1, urinary calcium retention and intestinal calcium absorption [148]. The 
effect of protein on bone depends on the level of protein in the diet, the protein source, 
calcium intake, acid/base balance of the diet and weight maintenance status. 
The overwhelming majority of studies report a benefit of protein for bone health. 
However, these studies note that protein intake should be balanced with calcium intake. 
Intake of high soy protein among postmenopausal women [149] and higher animal to 




shown similar results [151, 152], a modest positive effect of protein on bone mass [34, 
153] and an importance of adequate protein in maintaining bone mass and prevention of 
osteoporosis [154]  among elderly people. 
Carbohydrates, like oligosaccharides, are receiving more attention for their role in bone 
health. Two reviews in 2002 and 2006 revealed the positive impact of non-digestible 
carbohydrates on calcium absorption [155, 156]. However, simple sugars and energy-
dense foods were found to be harmful to bone health [157]. 
The effect of fat on bone health has been investigated in recent years. However, these 
studies have reported contrasting results. A study by Weiss et al. reported that a higher 
ratio of polyunsaturated fatty acid (PUFA)-6 and -3 negatively impacted BMD in both 
men and women [158]. Bone loss was increased by the intake of PUFA among 891 
women (aged 50 to 59 years) in the Aberdeen Prospective Osteoporosis Screening Study 
[159]. A systematic review of animal (13 studies) and human (11 studies) studies in 2008 
examining the impact of PUFA-3 on osteoporosis claimed that it was difficult to reach a 
conclusion as to the effect of PUFA, as very heterogeneous results were reported [160]. 
The Framingham Osteoporosis Study has reported the importance of eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA) in maintaining bone mineral when 
combined with arachnoid acid [161]. Other studies also reported the benefit of PUFAs on 
bone health in adults [162, 163]. In 2013, a study on genistein, PUFA and vitamin D and 
K1 found a positive effect of these fatty acids on bone health [164]. A review in the same 
year reported the benefit of PUFA, especially PUFA-3 [165] which was in line with 
another study among postmenopausal women [166]. The contradictory findings of these 
studies could be partially due to not being able to account for potential interactions 





All fat-soluble vitamins and some water-soluble ones are known to be involved in bone 
metabolism. Vitamins A, B complex, C, D, E and K [167] have been confirmed to have 
a role in bone metabolism. The role and effect of these vitamins on bone health and 
findings of observational and interventional studies are discussed briefly below.  
Vitamin A is a generic term which includes retinol and provitamin A (beta-carotene). 
Various vitamin A families have been shown to show different effects on bone health in 
vivo. For instance, retinol and retinoic acid have been reported to have an inhibitory effect 
on osteoblasts [168], whereas lycopene, which is a carotenoid, had an opposite effect by 
inhibiting basal and parathyroid hormone-stimulated osteoporosis in rat bone [169]. 
Epidemiological studies reported contradicting findings on the association of vitamin A 
intake, serum retinole level and osteoporosis and osteoporotic fracture [170-172].  
Alternatively, studies on vitamins with anti-oxidant characteristics, like vitamin C and E, 
have a positive effect on bone health [173-176]. Vitamin K has also been found to be 
associated with bone mass in epidemiological studies [177-180] though this association 
was not reported with risk of fractures [181]. With regards to B vitamins, particularly 
folate and B12, studies reported unclear and contradicting findings [182-185] suggesting 
further investigations. It is also imperative to study how the interaction of vitamins among 
themselves and other nutrients affects BMD and the risk of fracture.  
Vitamin D 
Vitamin D is a steroid hormone. There are two main forms of vitamin D—vitamin D3 
(cholecalciferol) which is produced by the skin after sunlight exposure and D2 




dihydroxyvitamin D3 (1, 25(OH)2 D) which is produced by a process involving the liver 
and kidney. The vitamin is important in facilitating calcium absorption in the body by 
forming calcium-binding proteins in intestinal cells [186]. These proteins help to maintain 
the calcium in the serum and the bone by continuously supplying calcium for the process 
of bone modelling and remodelling. According to the Australian guidelines, an adequate 
intake for adults ranges from 5.0 to 15.0 μg /day and should be increase with age [187].   
The evidence regarding the importance of vitamin D for bone health is well documented, 
particularly among older people [188]. However, existing evidence focuses on the 
individual effect of vitamin D intake on BMD and fracture risk. So far, no studies have 
examined the role of vitamin D as part of the whole picture of nutrients intake (nutrient 
patterns) in predicting BMD or fracture risk.  
Minerals 
Minerals like phosphorus, magnesium, potassium, copper, zinc, fluoride and sodium have 
a significant role in maintaining bone health [189]. A high calcium/phosphorus ratio was 
positively associated with bone mass in the general population and postmenopausal 
women [190, 191]. On the contrary, recent cross-sectional and prospective studies in Asia 
reported an absence of an association between phosphorous intake and bone mass among 
adult women and men [192, 193]. The effect of dietary phosphorus on bone health 
remains to be clarified particularly focusing on the amount for maintaining bone mass in 
elderly people. 
A study among Turkish postmenopausal women by Okyay et al. reported a positive 
association between serum levels of zinc, copper, iron and magnesium and osteoporosis 
but not potassium and sodium [194]. Similarly, in other studies, dietary potassium intake 




intake of sodium was not associated with BMD in elderly people [192]. Supplementary 
zinc, but not copper intake, has also been positively associated with BMD in 
postmenopausal women [196]. Studies have provided contradictory results among 
various population groups for fluoride intake [197-199]. 
Although these minerals have varying levels of involvement in bone metabolism, 
available evidence generally suggests that a high mineral intake results in a negative effect 
on bone mass. This could be due to high intake of plant-based diet. Investigations of 
different intake levels and the effect on bone mass are important to provide appropriate 
recommendations for people who are at risk of developing osteoporosis. The relative 
intake of these minerals and their associations can be assessed using contemporary 
statistical approaches, such as PCA.  
Calcium 
Bone, intestine, and kidney are the three major organs that are important in calcium 
movement. Calcium is vital for normal growth and function of the skeletal system, and 
more than 99% of the calcium in the body is found in bone [200]. Bone is also a 
storehouse of calcium in the body and calcium is vital for normal growth and function of 
the skeleton system. The calcium in the bone also helps to maintain serum calcium levels 
[201]. The importance of calcium in bone health is well-established from epidemiological 
studies [202, 203]. Australian nutrient reference guidelines recommend that the adult 
population consumes 1,000 to 1,300 mg/day of calcium with a higher intake required in 
advanced ages [187]. 
The interactions of nutrients between themselves and non-nutritive substances in the body 
are inevitable. Thus, nutrients do not act individually in cells and tissues. Therefore, the 




because these studies have assessed the effect of specific nutrients on bone health without 
considering the interactions. In addition, these studies do not consider the correlation of 
nutrient quantity. It is imperative to understand how these influence bone health rather 
than studying the individual effects of nutrients. Further detailed research with robust 
designs is necessary to fill this gap by clearly indicating the relative impact of nutrients, 
as part of the whole nutrient analysis, on bone health. One of the potential approaches to 
investigate this interaction is constructing nutrient patterns and assessing the association 
with BMD and fracture risk. This approach provides an insight into the relative 
contribution of nutrient intake to bone health. 
2.5.2 Nutrient patterns and bone fragility 
Most of the previous studies have focused on the association between dietary patterns and 
osteoporosis/fracture risk [30, 204]. However, there are limited studies that have 
investigated the association between nutrient patterns and BMD or fracture risk. A study 
by Samieri et al. have found that a high intake of calcium, phosphorous, vitamin B12, 
protein and unsaturated fats lowered the risk of wrist and hip fracture among ageing adults 
[94]. Another study among postmenopausal women showed a positive association 
between a nutrient pattern characterized by a high intake of folate, total fibre, vitamins 
B6, C, K and A, potassium and magnesium, copper and manganese and BMD [205]. 
However, these studies have limitations. These include inadequate sample size, cross-
sectional study design, or the samples were limited to specific population groups. In 
addition, none of these studies have dietary data collected using a repeated 3-day 24-hour 




2.5.3 Individual foods and bone fragility 
Dairy products  
Dairy products are a good source of protein and calcium. Furthermore, per calorie of dairy 
food, the yield of protein, calcium, magnesium, potassium, zinc, and phosphorus is higher 
than any other food [25, 206]. Hence dairy sources can be as efficacious as calcium 
supplements in some instances.  
A review in 2011 by Caroli and et al. confirmed the importance of dairy products in 
maintaining bone health [25]. Several studies including randomized controlled trials 
(RCTs) showed the importance of dairy products in maintaining bone mass and 
preventing osteoporosis in elderly people across different communities [207-210]. 
Epidemiological studies have also demonstrated the effect of dairy products in 
maintaining bone health among elderly people [211, 212]. Currently, the evidence on the 
positive effect of dairy products and bone mass is much stronger and well established, 
unlike some other food entities. 
Soy 
Soybeans are an important food staple in Asian countries and are used globally as a source 
of protein. Soybeans contain protein, oil, carbohydrate and ash. Vitamins, flavonoids and 
polysaccharides are also constitutes of soybeans and they are also an excellent source of 
calcium [213]. In addition, it had been postulated that flavonoids in soybeans, 
particularly, isoflavones mimic estrogenic activity which could  be effective in 
maintaining bone health and in preventing osteoporosis in elderly women [214] 
Some epidemiological studies on soy support the positive effect of soy protein on bone 




assess the effect of soy on bone formation and resorption identified no effect among 
postmenopausal women [215, 216]. In contrast to previous reviews [217, 218], a recent 
review reported the absence of strong evidence to support the importance of soy food (as 
a result isoflavone content) in preventing bone loss in postmenopausal women [219]. 
However, this review did not do a pooled analysis of included studies. Several other 
studies found the clear importance of soy foods in maintaining bone health [220, 221]. 
Contradictory results could be due to variation in the design of the studies, setting and 
sample size. In addition, these studies also did not consider the confounding effect of 
other food items.    
Seafood 
In line with animal experimental studies [222-224], epidemiological studies consistently 
support the importance of seafood in building and maintaining bone mass. Consumption 
of fish was associated with BMD but not with hip fracture in a large prospective cohort 
of older adults [225]. Another well-known study, the Framingham Osteoporosis Study, 
confirmed the benefit of fish consumption in building BMD longitudinally; however, this 
benefit was dependent on the interaction between EPA and DHA, and arachidonic acid 
[161]. Three Chinese cross-sectional studies among adults found a significant positive 
association between increased seafood intake and BMD [192, 226, 227].  
Beverages (alcohol, soft and hot drinks)  
Alcohol  
Alcohol intake has been linked to bone mass especially in men. Alcohol intake impairs 
Deoxyribonucleic acid (DNA) synthesis and cell proliferation resulting in a reduction in 




formation [229]. Alcohol also interferes in the metabolic pathways of bone metabolism 
[229, 230]. However, moderate intake of alcohol consumption was inversely associated 
with hip fracture in an epidemiological study [231]. In addition to the alcoholic 
component of ethanol, wine contains grape-derived phenolics, known for their potent 
antioxidant effect in the body [232] and this might be important in bone health although 
a clear mechanism of action is not so far well understood [233]. 
A longitudinal study by Macdonald et al. reported that a unit increase (in quartile) intake 
of alcohol was positively associated with a higher lumbar BMD among peri-menopausal 
women [159]. A review on alcohol and bone health in 2012 revealed that the effect of 
alcohol is dependent on the amount and duration of alcohol intake, age, sex and hormonal 
status.  One glass for women and two glasses per day for men is an optimal level of 
alcohol consumption to provide a positive effect on bone health [229] and the relationship 
between alcohol and skeletal health is reported to be “J” shaped curve [234]. The benefits 
of alcohol intake including wine on bone health were also reported by other studies among 
various communities with different study designs [231, 234-238]. Thus, it is possible to 
conclude that moderate intake of alcohol is beneficial for bone health.  
Soft drink  
Soft drink production and consumption have rapidly increased globally. Soft drink intake 
is associated with metabolism of bone in the body [239]. The effect of soft drink on bone 
health depends on the amount and duration of intake [240]. It has been postulated that the 
presence of phosphoric acid [241] and carbonates and, the replacement of nutrient-dense 
foods by these drinks may have a major role in this effect [242, 243].  
Early studies reported the absence of associations between soft drink consumption and 




shown a non-significant association between soft drink consumption and 
BMD/osteoporosis among postmenopausal women and among the general adult 
population [246, 247]. However, the majority of studies have reported the presence of a 
negative association between soft drink intake and bone mass [241, 248] and an increased 
risk of fracture among elderly people [32, 249]. A clear association between soft drink 
consumption and osteoporosis is still not established and further studies are required to 
fill this gap.  
Coffee and tea  
Coffee contains a stimulant called caffeine which could affect bone metabolism by 
interacting with calcium metabolism pathways [250]. Although tea contains caffeine, it 
also has other important components like flavonoids that coffee does not have. 
Phytoestrogens, polyphenols and fluoride are also found in tea. 
Although the majority of studies support the negative effect of caffeine intake on bone 
mass [251-254], some others have claimed an absence of this effect as long as an adequate 
amount of calcium is served [250, 255]. But, in spite of the caffeine content, studies have 
reported a positive association between tea consumption and bone mass [256] and a 
reduction in fracture risk [29]. However, a systematic review (both in animal and human 
studies) on the association between tea consumption and BMD reported that the benefit 
in humans is inconclusive and putative [257]. In addition, these inconsistent findings with 
regard to the association of coffee and tea consumption with bone health could be partially 
accounted for the methodological differences, such as study design and population, 
incomplete adjustment of confounders and tea categories (black, oolong, green, etc.), in 
the studies. Similarly, because coffee and tea are confectionary foods and are not part of 




because people may not consider the food items as their important daily food components 
resulting in measurement bias. In addition, the association of coffee and tea consumption 
with bone health could be due to other dietary factors which are highly correlated with 
intake of these foods. Therefore, assessment of associations of coffee and tea intake with 
bone health should not be independent of other dietary factors. 
2.5.4 Development of dietary patterns and association with bone fragility 
Studying the association of individual food items with BMD and fracture risk has a 
potential risk of bias as a result of not controlling for the effect of other dietary 
components and correlations among diets. For instance, people who eat seafood are more 
likely to eat other healthy diets such as FV and less likely to consume unhealthy food 
items, such as soft drinks [258]. Therefore, studies investigating the effect of seafood, 
without considering other diets, on bone health will give a spurious association. In 
addition, quantifying the consumption of a single diet does not mirror the dietary 
behaviour of study participants. Therefore, alternative methods which consider these 
limitations are important. In this regard, statisticians have developed alternative 
approaches (such as a statistical approach that reduces the dimensionality of dietary data) 
to reflect the relative intake of individual food items within the whole pattern of dietary 
consumption. It has been demonstrated that these methods are useful in characterizing the 
dietary behaviour of individuals and population groups [45, 259]. 
Recent epidemiological studies have focused on the analysis of food patterns [45, 259] 
rather than individual nutrients or food constitutes to investigate the effect of nutrition on 
diseases. A dietary pattern shows the totality of diet with multiple dimensions, but also 
interdependency in dietary components in predicting a disease outcome. Disease 




constitute of diet. Therefore, an increasing number of studies are focusing on dietary 
patterns rather than a single diet [40]. 
Fruit and vegetables patterns 
FV are constituted with components which are important in the metabolism of bone. 
These components include nutrients (minerals and vitamins) and non-nutritive (bioactive) 
compounds (antioxidants and phytochemicals). Vitamin C, K, magnesium, potassium, 
calcium, polyphenols and phytoestrogens are among these components [260-264].  
Vitamins K and C, and magnesium are important nutrients for building bone matrix [182, 
265]. In addition, the alkaline effect of FV in the body as a result of a high content of 
potassium and magnesium can help in maintaining bone mass by preventing calcium 
resorption [266, 267] and by buffering metabolic acidosis in the body [268, 269].  
Evidence shows that a dietary pattern based on FV intake is vital for the overall [270] and 
bone health. Across Asian population, consistent results have been reported on the benefit 
of FV consumption for bone health. A study in Korea reported that high fruit intake is 
positively associated with BMD [271]. A case-control study among postmenopausal 
women in China has found that recommended level intake of FV was associated with 
decrease forearm fracture [272]. By the same token, two cross-sectional studies among 
Chinese postmenopausal women found that greater FV intake was independently 
associated with better BMD [273, 274]. 
A prospective cohort study in Dutch elderly people (Rotterdam Study) and Scotland 
reported that a dietary pattern characterized by high FV intake was positively associated 
with BMD [159, 275]. Cross-sectional studies in the United Kingdom and Scotland have 
found similar findings [276, 277]. The Framingham Study in the US found that a higher 




healthy dietary pattern characterized by a higher intake of FV was found to be protective 
against hip fractures among women in the Swedish Mammography Cohort [30].  
However, some other studies have reported none or weak associations between FV intake 
and bone health. A systematic review of 8 studies among women aged 45 and above 
revealed that the benefit of FV in maintaining BMD found to be inconclusive [35]. In 
addition, two clinical trials among postmenopausal women found that increased 
consumption of FV was not associated with bone turnover [278] or BMD [279]. Further, 
in the US, a follow-up study among women and men aged 50 years and above reported 
that a dietary pattern characterized by a higher FV intake has no association with hip 
fracture risk [280]. 
These inconsistent findings on the benefit of FV to bone health could be due to differences 
in study designs and dietary data collection methods. In addition, since RCTs are only for 
a short period of time, they may not be an appropriate design to see the intended outcome 
(in this case bone mass and fracture risk) of a given dietary exposure. Further studies with 
better observational study designs, such as long-term follow-up studies and a repeated 
measurement of dietary intake, will be important to settle the arguments over the 
importance of FV for bone health. 
Other dietary patterns 
In addition to FV based dietary patterns, studies have reported a variety of other patterns 
which are associated with BMD. These food patterns are derived from four groups alone 
or in combination with FV. These are grains, dairy, protein foods, and other foods such 
as snacks and sweets. Table 2.1 summarizes some of the studies on dietary patterns and 












sample size; sex 







Identified dietary pattern – food 
components 
















 Nutrient dense – fruit, 
vegetables and whole grain 
 Energy dense – soft drink, 
potato chips, French fries, 
meat and desert 
 For all: BMI, bone mineral 




supplements (vitamin D 
and calcium) 
 For women only: 
diagnosis of osteoporosis, 
antiresorptive use, 
education, alcohol use, 
physical activity, and 
sedentary hours 
Nutrient dense dietary 
pattern is negatively 
associated with fracture 








women and men 
(>50 years) 
FFQ; PCA Hip fracture  Prudent – whole grains, fruits 
and vegetables 
 Western - higher intakes of 
red/processed meats and 
refined grains 
Age, energy intake, BMI, 
smoking, physical activity, 
postmenopausal hormone use 
(women), thiazides, lasix, anti-
inflammatory steroids, calcium 
supplements, and multivitamin 
supplements 
No associations 










A 3-day food 
diary; PCA 
BMD (DXA)  Healthy 
 Red meat and refined cereals 
 Low-fat dairy 
 Sweet foods, coffee and tea 
and 
 Western 
Energy intake, calcium intake, 








Sweet foods, coffee and 












sample size; sex 







Identified dietary pattern – food 
components 
Adjusted variables Association with the 
musculoskeletal 
outcome  






men and 139,981 
women); mean 
age=48.6 years 
FFQ; a priori 
dietary index 
Hip fracture Mediterranean diet Age, sex, education,  
smoking status, body mass 
index, height, physical 
activity, total energy intake 
from calibrated data 
, history of diabetes, history of 
cardiovascular disease, history 
of cancer, history of fracture, 














FFQ; PCA BMD (DXA)  Fruit and vegetable pattern 
score 
 High-alcohol pattern score 
 Traditional English pattern 
score 
 Low-meat pattern score 
Age, age squared, BMI, 
smoking, and physical activity 
Traditional English 
pattern  (fried fish, fried 
potatoes, legumes, red 
and processed meats, 












FFQ; PCA Hip fracture  Healthy – fruit, vegetable, 
cereals, whole meal bread, fish 
and milk  
 Western – potato, white bread, 
meat, offal’s, soda and egg 




physical activity, previous 
fractures, postmenopausal-
status, Charlson’s comorbidity 
index, total energy, body mass 






 Healthy pattern 
was negatively 
associated 













sample size; sex 







Identified dietary pattern – food 
components 




et al [283]; 
2012; Ireland 
 









 Healthy – fruit, vegetables, 
brown bread, breakfast cereal 
and milk 
 Traditional – white bread, fats, 
potatoes, poultry and hot 
drinks 
 Refined – white bread, chips, 
soft drinks, chocolate, 
confectionary and condiments 
 Social – vegetables, fruit, rice 
and pasta, eggs, white fish, 
alcohol and cheese 
 Nuts and meat pattern – red 
meat, poultry, vegetables and 
nuts 
Age, BMI, smoking, physical 
activity father’s social class 
















 refined pattern was 
negatively 
associated 






females of 55 
years and olde 
FFQ; dietary 
index 
BMD (DXA)  High-BMD – fruit, vegetables, 
fish, whole grains, 
legumes/beans and dairy 
 Low-BMD – meat and 
confectionary 
Age, sex, total energy intake, 
body weight, height, education, 
household income, smoking 
behaviour, physical activity, 
use of lipid lowering drugs, use 
of any dietary supplement, 
alcohol 
intake, calcium intake 
High-BMD pattern was 
positively associated 
Kontogianni 










BMD (DXA)  Mediterranean 
 Fish and olive oil and low red 
meat intake based 
 
BMI, smoking status, physical 








 No association 
with Mediterranean 
diet 
 The Fish and olive 
oil and low red 














sample size; sex 







Identified dietary pattern – food 
components 
Adjusted variables Association with the 
musculoskeletal 
outcome  












BMD (DXA)  Healthy - green and dark 
yellow vegetables, 
mushrooms, fish and shellfish, 
fruit, and processed fish; 
 Western - fats and oils, meat, 
and processed meat 
age, BMI, grasping power, 
current smoking, fracture 
history, the use of hormone 
replacement therapy, age at 




 Healthy pattern 
was positively 
associated 
 Western pattern 
was negatively 
associated 




Cohort; 1828; men 
and women (≥30 
years) 
A 3-day food 
record; factor 
analysis 
BMD (DXA)  Rice and kimchi 
 Eggs, meat and flour 
 Fruit, milk and whole grains 
 Fast food and soda 
Age, body size (weight and 
height adjusted for weight 
residual) , energy intake, 
smoking, alcohol consumption, 
and physical activity, and for 
women, menopausal status 
 
 
Fruit, milk and whole 
grains pattern was 
positively associated 
















 Traditional - rice, kimchi, and 
vegetables), 
 Dairy - milk, dairy products, 
and green tea), and  
 Western - sugar, fat, and 
bread) 
Age, residual area, exercise, 
and passive smoking 
Dairy pattern was 
positively associated 















 Meat, alcohol and sugar 
 Vegetables and soya sauce 
 White rice, kimchi and 
seaweed 
 Dairy and fruit 
Age, BMI, energy intake, 
parathyroid hormone and 
serum 25-hydroxyvitamin D, 
smoking, alcohol intake, 
moderate physical activity, 
supplement use and oral 




 Dairy and fruit was 
positively 
associated 
 White rice, kimchi 














sample size; sex 







Identified dietary pattern – food 
components 














BMC (DXA)  Pattern 1 - processed cereals: 
white bread, sandwiches, other 
cereals, soft drinks 
 Pattern 2 – potatoes, carrot, 
peas, cabbage, cauliflower 
 Pattern 3 – leafy vegetables, 
tomato, diary, fruit, and 
cheese 
 Pattern 4 – legumes, seafood, 
seeds, nuts, wine and rice 
 Pattern 5 – chocolate, 
confectionary, and added 
sugar  
Age and height, energy intake, 
smoking, sport, walking, and 
education, and calcium intake 
 Pattern 1 was 
negatively 
associated 













BMD (DXA)  Healthy (plant-based diet) – 
vegetables, legumes, fruit, 
tomatoes, nuts, snacks, garlic, 
whole grains 
 High protein, high fat - red 
meats, poultry, processed 
meats, potatoes, cruciferous 
and dark-yellow vegetables, 
fish, chips, spirits and high-fat 
dairy products 
 Processed foods - meat pies, 
hamburgers, beer, sweets, fruit 
juice, processed meats, snacks, 
spirits, pizza 
Weight, height, strenuous 
physical activity, smoking, 
total energy intake, Ca and 
vitamin D supplement and 
menopausal status 
A processed food 
pattern was negatively 
associated 
BMC – bone mineral content; BMD – bone mineral density; BMI – body mass index; DXA – dual-energy x-ray absorptiometry; FFQ – food 





2.5.5 Summary on dietary patterns and bone fragility 
In general, it can be concluded that, whereas a dietary pattern containing high FV, dairy 
products and whole grains are beneficial for bone health, a dietary pattern characterized 
by high intake of soft drinks, meat, processed foods and confectionaries are detrimental 
to bone. However, this conclusion is not consistent across all studies (Table 2.1). 
The inconsistency of findings on the associations of dietary patterns, as presented in Table 
2.1, with bone fragility could be partly due to differences in study population and the 
available and commonly consumed food. Thus, a food pattern which is associated with a 
musculoskeletal outcome in a specific community might not apply in a different 
community and tailored dietary pattern optimal for bone health could be necessary. 
Furthermore, the inconsistencies can be attributable to differences in dietary data 
collection methods and statistical approaches used in constructing dietary patterns. 
Although considering the totality of food items and looking at the contribution of the 
specific dietary components in a dietary pattern have become a recent focus in nutritional 
epidemiology, related methodological deficits have been important discussion points. 
These include lack of standardization and absence of a conceptual framework in defining 
dietary patterns, particularly in data-driven approaches, which have contributed in 
compromising comparison of results from different studies. In addition to other 
methodological differences of studies, limitations in these dietary pattern analysis 
methods have been responsible for inconsistent findings in the literature. Further, studies 
that evaluate dietary pattern analysis methods in relation to bone health are limited. 
2.6 Methods in nutritional epidemiology  




particularly in the last two decades. Most of the evidence in nutrition comes from 
population-based observational studies which apply the principles of both epidemiology 
and nutrition. However, critics of study designs investigating diet-health relationships 
have grown at the same time. For instance, Ioannidis [290] argued that findings from 
observational studies have been incorrectly reporting diet-health relations and many of 
these observational studies are implausible. He concluded that RCTs are the only option 
to establish plausible diet-health relations.  
However, although RCTs are top in the hierarchy of evidence, it is inappropriate or 
unfeasible to conduct trials to answer all nutritional epidemiologic questions, making 
them the least preferred study designs in nutritional epidemiology. There are several 
reasons for this, including: (1) assessing the exposure of interest (dietary intake) is 
complex, given the interaction of different dietary items which can be hard to study using 
RCTs; (2) RCTs last a relatively short time period eventually creating difficulties in 
observing the effect of long-term impact of diet on a disease outcome, particularly on 
NCDs; (3) ethical challenges are also major issues in studying diet-disease relations in 
RCTs; (4) methodological issues such as blinding and high compliance are difficult in 
diet intention trials [291]. Therefore, observational studies with large sample sizes, long 
follow-up periods and better dietary intake assessment and analysis methods are 
alternatives for the above challenges. Sensitivity analysis of findings from observational 
studies are also an important approach to further validate findings related to diet-disease 
relations.  
Studies in nutritional epidemiology have focused on dietary data collection and analysis 
methods, which are also potentially the criticism of these studies because of implausible 




common study designs, data collection and analysis methods in nutritional epidemiology.  
` 
Figure 2.3 Common study designs, dietary data collection and analysis methods in 
nutritional epidemiology 
2.6.1 Dietary data collection 
Diet is the most complex lifestyle factor to measure because of its multidimensionality 




and weekends and different seasons) and complexity (such as, the presence of a number 
of dietary components and cultural and ecological aspects) of dietary intake, have been 
major challenges in nutritional epidemiology. Due to these inherent characteristics of diet, 
random and measurement errors are the major issues in investigating diet-disease 
relations. Advancements in dietary data collection have been made to mitigate these, by 
modifying the collection methods. Although there are many modified versions of dietary 
data collection methods, there are three core types: food record, 24-h recall and food 
frequency questionnaire (FFQ) (Figure 2.3). Even though the utilization of biomarkers 
are expensive and invasive, these methods can be also used to objectively measure 
nutritional status of individuals and populations [39]. 
Food record, which is the “gold-standard” method, provides accurate and detailed dietary 
data with minimal systematic errors [292]. Although there are short-term recall and 
portion size errors, 24-h recall method also provides an accurate dietary intake level. 
These two methods are particularly useful in evaluating FFQ and measuring the usual 
intake if they are applied for several different days, seasons and years [40]. However, 
there is limited evidence with regard to the impact of using a single 24-h record and 
repeated 24-h records on the estimate of diet-disease associations, particularly estimates 
of associations between diet and fracture risk. 
FFQ is the most commonly used dietary assessment method in large-scale 
epidemiological studies. Utilization of a validated FFQ is an inexpensive method of 
measuring a usual food intake. However, the semi-quantitative nature of the method, 
recall error and potential omission of foods are major limitations of this tool [40]. 
To enhance the performance of dietary data collection methods, the incorporation of 




cost, error and lowering the burden of assessment. For instance, the Automated Self-
Administered 24-h Recall was developed to measure dietary intake of populations with 
low cost and a relatively high quality [293]. Focus has also been given to dietary data 
analysis methods.   
2.6.2 Dietary data analysis 
Dietary data analysis and presentation techniques have been developing over the past 
years. Consideration of dietary data analysis ranges from data cleaning and how to use 
the collected dietary data to adjustment for random and measurement errors. Dietary data 
have four components: food items, nutrients, non-nutritive substances and contaminants. 
Each of these, and the combination have an impact on health. Therefore, analyses that 
consider these components are crucial in investigating the true diet-disease relations. 
There are two major approaches in dietary data analysis methods to investigating diet-
disease associations. Historically, considering single foods or nutrients in predicting 
disease outcomes was a common approach. Although this approach helps in 
understanding the biological mechanisms, the dimensionality of dietary intake and the 
correlation among foods and nutrients are ignored [40]. Foods and nutrients are not 
consumed in isolation. Therefore, methods that look food as a whole and consider the 
totality of diet are important to assess the combined effect of foods and nutrients.  
The second approach considers the totality and multiple components of diet and nutrients 
simultaneously as a dietary pattern. This approach acknowledges and considers the 
importance of the relative contribution of each dietary component within the entirety of 
the diet consumed. In this approach, the interaction and correlation of foods and nutrients 
are accounted for. Dietary pattern analysis is also pivotal in controlling for diet (as a 




However, in the presence of an association between a dietary pattern and a disease 
outcome, lack of specificity of this association is an issue, which may lead to an unclear 
understanding of the role of each food and nutrient. 
There are three major categories of dietary pattern analysis approach—a priori, a 
psoteriori and hybrid methods (Figure 2.3). A priori methods use an existing evidence to 
construct a dietary pattern. Methods, such as the Healthy Eating Index and Mediterranean 
diet, are classified under this group. A posteriori methods are data-driven approaches. 
Factor analysis/PCA [294], and cluster analyses are classified under this method. RRR 
[48] and PLS regressions [47] combine both a priori and a posteriori approaches (i.e. 
hybrid methods). These methods are relatively new and further evaluation, improvement 
and understanding of the methods are needed. 
Previous studies have evaluated the relative importance of dietary pattern analysis 
methods in identifying eating patterns associated with health outcomes, such as 
myocardial infarction [53] and diabetes [295]. However, to the best of my knowledge, no 
study has evaluated the comparative advantage of common dietary pattern analysis 
methods in constructing patterns that are associated with BMD and BMC. 
2.7 Literature summary and gaps 
All in all, although a body of evidence has been generated on the association between diet 
and NCDs, particularly the impact of diet on BMD, BMC and fracture risk, an evidence 
gap that limits the understanding of the aforementioned issue still exists. 
The following is known evidence in the literature: 




 Fracture, a condition mostly caused by low BMD, is a public health problem at 
globally. 
 Some foods (such as milk) and nutrients (such as calcium and vitamin D) are the 
important dietary factors associated with BMD and fracture.  
 Compared to single foods and nutrients, dietary and nutrient patterns are better 
approaches in reflecting the dietary behaviours of individuals and in assessing 
interactions among diet components and nutrients in identifying diet-disease 
relations. 
However, the following are not clear:  
 The burden of diet-related disease in developed countries and their comparative 
ranks in terms of the burden; and 
Specifically,  
 The association between dietary patterns and osteoporosis in aging adults 
 The association between nutrient patterns and BMD/BMC 
 The associations of long-term dietary and nutrient patterns with fracture risks in 
adults 
 The comparative advantage and impact of using a baseline, recent, overall and 
cumulative means of dietary exposure on association estimates of dietary pattern 
and fracture 
 Comparative advantages of dietary pattern analysis methods in identifying dietary 























3.1 Overview of datasets 
For each of the studies, detailed methods are provided in CHAPTER 4, CHAPTER 5, 
CHAPTER 6, CHAPTER 7 and CHAPTER 8. However, a brief description of the 
databases from which data were used for the studies in this thesis is given below. 
3.1.1 Global Burden of Disease (GBD) 
GBD Study is a comprehensive research project that investigates the burden of disease, 
including disability and mortality from diseases, injuries and risk factors, at a global level, 
and at the level of 7 super-regions, 21 regions and 195 countries. The GBD Study began 
in 1990 at Harvard University in collaboration with WHO. Currently, the project is 
coordinated at the Institute of Health Metrics and Evaluation, University of Washington. 
More than 3,000 researchers in over 130 countries are involved in the GBD project. The 
GBD has produced scientific publications and reports every year since 2015 [296]. 
The purpose of GBD Study is to discover noble global health assessment tools and 
provide estimates of global health loss from diseases, injuries and risk factors, with an 
ultimate goal of improving global health and minimizing health disparities. The GBD 
data incorporate premature death and disability from more than 300 diseases and injuries 
and 79 risk factors in 195 countries, by age and sex, from 1990 to the present, with 
comparisons over time, across age groups, and among countries [297]. 
The GBD 2015 risk factors study has provided an up-to-date analysis of the evidence for 
79 behavioural, environmental /occupational and metabolic risk factors between 1990 and 
2015. A comparative risk assessment approach was used to estimate attributable deaths, 
DALYs and trends in exposure by age group, sex, year and geography for 79 risk factors 




environmental/occupational and metabolic risks. The second hierarchy contained 17 
clusters or granular risk factors. The third and fourth levels of the causal hierarchy 
included cluster and granular risk factors [297]. 
The GBD 2015 risk factors study incorporated 388 risk-outcome pairs that met the World 
Cancer Research Fund criteria. Relative risks were extracted from RCTs, cohorts, pooled 
cohorts, household surveys, census data, satellite data, and other sources. In estimating 
the attributable deaths and DALYs, biases were adjusted and covariates were included. A 
counterfactual approach, called theoretical minimum risk exposure level (TMREL), was 
used. TMREL is the level of risk exposure that reduces risk at the population level. 
Under behavioural risk factors, seven factors (child and maternal malnutrition, dietary 
risk, tobacco, alcohol and drug use, unsafe sex, low physical activity and sexual abuse 
and violence) were included. Under dietary risk factors, 14 dietary components (diet low 
in FV, whole grains, nuts and seeds, fibre, seafood omega-3 fatty acids, polyunsaturated 
fatty acids, calcium; and diets high in red meat, processed meat, sugar-sweetened 
beverages, trans fatty acids, and sodium) were included. Figure 3.1 depicts the process of 
dietary risk estimation in the GBD 2015 risk factors study. Detailed methods in estimating 
dietary risk factors are described in the GBD study [297] and the study in this thesis which 













Figure 3.1 Flow chart of dietary risk factors estimation process, the Global Burden of Disease 2015 [297] 
BMI – body mass index; CVD – cardiovascular diseases; DALY – disability-adjusted life years; FAO – Food and Agriculture organization; NCD – non-communicable diseases; 
PHVO – partially hydrogenated vegetable oil; RCT – randomized controlled trail; RR – relative risk; SBP – systolic blood pressure; SD – standard deviation; SSB – sugar-
sweetened beverage; ST-GPR – spatiotemporal Gaussian process regression model; TMREL – theoretical minimum risk exposure level; USDA – United States Department of 




3.1.2 North West Adelaide Health Study (NWAHS) 
In developed countries, including Australia, the majority of disabilities and deaths are 
caused by NCDs [1]. However, in Australia, most data in relation to NCDs and their risk 
factors are from cross-sectional studies and/or medical records. The NWAHS was 
established to provide self-reported and measured longitudinal data of NCDs and their 
risk factors. Randomly selected participants aged 18 years and above were recruited from 
the north-west suburbs of Adelaide, South Australia. Questionnaires, phone interviews 
and clinical assessments were used to collect data. The study covers chronic diseases 
including CVD, diabetes, cancer, asthma, arthritis, osteoporosis and their risk factors. A 
number of sub-studies have also been conducted in the cohort [73]. 
The NWAHS commenced in 1999 in collaboration with The University of Adelaide, The 
Queen Elizabeth Hospital and South Australian Government Department of Health. The 
study involves multidisciplinary investigators including epidemiologists, clinicians and 
social scientists. 
Three main stages of data collection were conducted between 1999 and 2010. At the first 
stage (1999-2003) 4056 participants aged 18 years and over had clinical assessments. At 
Stage 2 (2004-2006), 3564 participants completed interview and 3205 had clinical 
assessments. In the third major follow-up (2008-2010), 2871 participants were involved, 
of which 2487 attended a clinic for assessment [73]. At Stage 2, participants aged 50 years 
and over were invited to have BMD/BMC (DXA) measurements and 1588 of them had 
the measurement. In the third stage, 2500 study participants had dietary data. Combining 
these two datasets, 1182 participants for the studies in CHAPTER 5 and CHAPTER 8 
and 1135 for the study in CHAPTER 6 had complete data on diet and bone mass 




CHAPTER 6 and CHAPTER 8) in the thesis (Figure 3.2). Detailed sampling and sample 
size for each of the studies are provided in the respective studies the chapters. 
 
Figure 3.2 Study timeline, phases and sample size of the North West Adelaide Health 
Study (South Australia) [73] and subsamples used for studies (CHAPTER 5, 
CHAPTER 6 and CHAPTER 8) in this thesis 
Study population and measurements 
In this thesis, those who were 50 years and over were included because the invitation for 
DXA measurements was provided for participants of this age group. Data that were 
collected at each stage are presented in Table 3.1. Dietary data were collected using 




Details of the measurement of variables included in the three studies (CHAPTER 5, 







Table 3.1 Variables collected in three stages of North West Adelaide Health Study (1999-2010), South Australia 




(Ph1A 2000 & 
Ph1B 2002/03) 
Chronic Health conditions – doctor 
diagnosed diabetes, asthma, bronchitis, 
emphysema, heart attack, stroke, angina 
Smoking - current and ever smoked 
regularly 
High cholesterol – doctor diagnose ever or 
current 
High blood pressure (Ph 1B only) – 
doctor/nurse diagnosed; ever and current 
Height & weight (Ph 1B only) 
Mental Health conditions (doctor 
diagnose last 12 months) – anxiety, 
depression, stress-related, other; still 
current 
Demographics – age, sex, work done for 
most of life, no of people 18+ in 















36-Item Short Form Survey (SF-36) (v1) 
Physical activity (National Health Survey) 
Health care utilisation (last year)  
Family history – diabetes, heart disease, stroke 
Diabetes – doctor diagnose ever, gestational, high 
blood sugar ever and now, type  when first told (Ph 1B 
only) 
Asthma – ever, confirmed by doctor, current; when 
first told, severity (Ph 1B only) 
Bronchitis  
Emphysema 
Lung function – Chronic Lung Disease Index 
Alcohol – frequency and amount 
Smoking – current, amount, ever smoked regularly, 
cigs per day, age when last gave up smoking 
Demographics – age when left school, trade or higher 
qualifications, annual gross household income, country 
of birth, year of arrival in Australia, Aboriginal and 
Torres Strait Islander status, marital status, work 
status, pension/benefit status, age, postcode 
 
Appointment information – date, time, date of 
birth, age, sex, location of clinic, location of 
blood sample, reimbursement status 
Clinic administration – fasting, hospital 
patient, consent forms, general practice & 
secondary contacts, Medicare consent 
Blood pressure - systolic and diastolic, 
medication for hypertension 
Height & weight 
Waist & hip circumference 
Blood tests – triglycerides, total cholesterol, 
high density lipoprotein cholesterol, low density 
lipoprotein cholesterol, glucose, HbA1c; 
currently on cholesterol medication, taken in 








Phase  Computer Assisted Telephone Interview 
(CATI) 
Questionnaire Clinic 
Stage 2 2004-06 
 
Chronic Health conditions (doctor 
diagnosed ever) – heart attack, stroke, 
angina, TIA/ mini-stroke, osteoporosis, 
arthritis (including type) 
Health care utilisation (last year) 
Low Back – pain, aching or chronic 
stiffness in last month 
Hips – serious sprain/strain, operation, hip 
joint replacement, pain, aching or chronic 
stiffness in last month, reason 
Knees – serious sprain/strain, operation, 
knee replacement, pain, aching or chronic 
stiffness in last month, reason, WOMAC 
Feet – pain, aching or stiffness, degree of 
severity and time for each foot 
Shoulders – pain, aching or chronic 
stiffness in last month, SPADI 
Hands – pain, aching or chronic stiffness 
in last month 
Injury – falls, fractures 
Menopause – status, length of time 
Mental Health conditions (Doctor 
diagnosed in the 12 months) – anxiety, 












Physical activity (National Health Survey) 
Family history – diabetes, heart disease, stroke, 
osteoporosis 
Osteoporosis – fall, trauma or fracture in last 5 years 
Sunlight – direct sunlight exposure - weekdays and 
weekends - summer and winter; tendency to burn 
Diabetes 
Asthma  




Mental health & wellbeing (GHQ12) 
Demographics – family structure, highest education 
qualifications, annual gross household income, marital 
status, work status, pension/benefit status, age, 
postcode 
Appointment information – date, time, date of 
birth, age, sex, location of clinic, location of 
blood sample, reimbursement status 
Clinic administration – fasting, urine sample, 
consent forms, general practitioner & secondary 
contacts, Medicare consent 
Blood pressure – systolic and diastolic, 
medication for hypertension, currently on HBP 
medication, taken in last 24 hours 
Height & weight 
Waist & hip circumference 
Blood tests – triglycerides, total cholesterol, 
high density lipoprotein cholesterol, low density 
lipoprotein cholesterol, glucose, HbA1c; 
currently on cholesterol medication, taken in 
last 24 hours 
Arthritis – photo of both hands, flexion, 
abduction, external rotation & hand behind 
back; both hands grip strength, feet pain, aching 
or stiffness location 
Spirometry 
Dual-energy x-ray absorptiometry (DXA) 
(for those 50+ years) – body composition and 







Phase  Computer Assisted Telephone Interview 
(CATI) 
Questionnaire Clinic 
Stage 3 2008 –
2010 
Health conditions (doctor diagnose ever) 
– heart attack, stroke, angina, mini-stroke, 
heart procedures (bypass, angiogram, 
stent), osteoporosis, gout, arthritis;  
Mental Health (doctor diagnosis in last 12 
months) – anxiety, depression, stress-
related, other 
Injury – falls, fractures 
Shoulders – pain, aching or chronic 
stiffness in last month 
Health care utilisation (last year)  
Physical activity (Active Australia) 
Quality of life (AQOL) 
Cardiovascular knowledge  
Self-reported body measures (height, 
weight, waist) 
Household food habits – cost and quality 
of fruit & veg; soft drink & milk 
consumption; frequency of home-cooked 
& fast foods purchase  
Household environment – no of 
television sets, computer game consoles, 
bicycles, smoke-free household, number 
and type of pets and indoor habitation 
Household – age, sex & relationship of 
household members 
Early learning – kindergarten in SA, 
residential suburb at age 4 
Demographics (marital, work, education, 
income, family structure, housing, pension, 
money situation) 
SF36 (v2) 
Carers – long-term care, effect on health 
Family history – diabetes, heart disease, stroke, 
osteoporosis, high blood pressure, asthma, body type 
(size) of mother & father 
Diabetes – doctor diagnosis ever, gestational, type, 
vision affected, laser therapy on eyes, cataract surgery, 
tingling etc of feet & toes 
Asthma  
Lung function 




Mastery and control – problem-solving, control 
Low Back – pain, aching or chronic stiffness in last 
month 
Hips – hip joint replacement, pain, aching or chronic 
stiffness in last month 
Feet – pain, aching or stiffness, degree of severity and 
duration for each foot 
Knees – serious sprain/strain, operation, knee 
replacement, pain, aching or chronic stiffness in last 
month, reason, knee arthritis 
Hands – pain, aching or chronic stiffness in last 
month, hand arthritis 
Major health event(s) in last 5 years 
Feedback from participants 
Cardiovascular knowledge  
Food Frequency Questionnaire (Cancer Council 
Victoria) 
Appointment information – date, time, date of 
birth, age, sex, location of clinic, location of 
blood sample, reimbursement status 
Clinic administration – fasting, consent forms, 
general practitioner & secondary contacts, 
Medicare & DNA consents 
Blood pressure  
Height & weight 
Waist & hip circumference 
Urine specimen – sodium, potassium, 
creatinine, albumin, phosphate, micro-
albuminaria, iodine & sodium 
Blood tests  
Arthritis – both hands grip strength 
Spirometry  
Health Literacy – Short-Test of Functional 








3.1.3 China Health and Nutrition Survey (CHNS) 
The CHNS is a community-based longitudinal open cohort started in 1989. It is a 
collaborative project between University of North Carolina (UNC) and the Chinese 
Centre for Disease Control and Prevention (CCDC) to examine economic, sociological, 
demographic and health conditions at individual, household and community levels. The 
data are collected every two to three years. The CHNS data are open access 
(http://www.cpc.unc.edu/projects/china) that cover nine waves over 22 years (1989-
2011). A multistage random-cluster sampling method is used to select households in both 
urban and rural areas and all members of the selected households are invited to participate 
in the study [298].  
Between 1989 and 2011, 35,703 study participants were involved in at least one study 
wave. However, we included 15,572 participants in the current study because others were 
either less than 18 years of age, participated only in one wave, had missing dietary data 
and/or fracture history or had extremely high or low energy intake. The response rate 
based on those who participated in previous waves staying in the subsequent survey was 
around 88%. However, the response rate among the participants included at baseline 
(1989) and remained in 2006 was more than 60%. The dataset contains self-reported 
fracture history and dietary data along with other sociodemographic characteristics, 
behavioural risk factors and chronic conditions [298]. 
Dietary data were collected using a repeated 3-day 24-h recall method and a household 
inventory by trained health workers at each wave of the study. The three days were 
randomly allocated in the week and weekdays. All the food available in the household 
were measured using weighing scales [298, 299]. CHAPTER 7 explores the longitudinal 




18 years and over using data from 15,572 participants between 1991 and 2011. Data of 
the 1989 survey were excluded because dietary data were available only for middle-aged 
adults. Detailed methods, including a description of variable measurements, are presented 
in the study presented in CHAPTER 7. 
3.2 Statistical analysis 
3.2.1 Analysis methods in the GBD Study 
For GBD 2015 risk factors study, definitions of the 14 dietary components were is 
provided in Supplementary Table 3.1. For example, a diet low in fruits is defined as 
average daily intake of less than 250 grams per day. Different data input sources, 
including nationally and sub-nationally representative nutrition surveys, household 
budget surveys, and UN Food and Agricultural Organization (FAO) Food Balance Sheets 
and Supply Utilization Accounts were used to determine the exposure levels of the dietary 
components. DisMod-MR 2.1 was used to estimate the intake of components by age, sex, 
and year in each country. DisMod-MR 2.1 is a Bayesian meta-regression tool that models 
exposure levels and it corrects for bias associated with variations of studies that are used 
as data sources. With joint application of DisMod-MR 2.1 and a spatiotemporal Gaussian 
process regression model (ST-GPR), data from different sources can be integrated by 
controlling and adjusting for potential bias. Further, additional important covariates, such 
as country and study level factors, can be included in the estimation. These two models 
also allow borrowing information across age, time, and geography to get unified estimates 
[297].  
Disease burden attributable to each dietary component if the dietary exposure was 




calculated [297]. In the analysis, metabolic mediators were considered. Details of the 
statistical approaches, including formulas, used in estimating dietary data exposure levels 
and attributable burden of NCDs are provided in CHAPTER 4 and an extra description 
was also provided the GBD risk factors study [297]. 
3.2.2 Dietary data analysis methods in NWAHS and CHNS 
Exploratory factor analysis using PCA method was used to analyse dietary data from 
NWAHS and CHNS. Factor analysis is important to investigate the relationships of 
complex variables by extracting virtual factors that cannot be measured directly. It is a 
data-driven reduction approach that collapses multidimensional data into a few factors 
that reflect the original variables. The concept behind factor analysis is that 
multidimensional observed variables have similar patterns that are related to unmeasured 
(latent) factors [294]. The relationship between the observed variables and a latent 
variable can be conceptually represented in Figure 3.3. 
 
Figure 3.3 Relationship of observed and latent variables in factor analysis 
Factor analysis assumes a number of variables (in this case, intakes of food and nutrients 




(in this case, dietary and nutrient patterns), 𝑭𝟏 . 𝑭𝟐…….𝑭𝒊, and can be expressed with the 
following equation:  
 𝑌𝑖 = β𝑖0 + β𝑖1𝐹1 + β𝑖2𝐹2+ . . . β𝑖𝑘𝐹𝑖 +  𝑒𝑖,  𝑖=1, 2, 3….. 𝐼 Equation 3.1 
where 𝒆𝒊 is an error term, 𝛃𝒊𝟎 represents intercept of factors, and 𝛃𝒊𝟏 , 𝛃𝒊𝟐 , ….𝛃𝒊𝒌 are 
correlation coefficients (factor loadings) of variables, 𝒀𝟏, 𝒀𝟐, ,….. 𝒀𝒊, on factors 𝑭𝟏 . 
𝑭𝟐…….𝑭𝒌. A higher factor loading indicates a greater correlation with a specific pattern.  
In factor analysis, there are similar number of factors as there are variables. Therefore, 
selecting the optimal number of factors to be included in the final iteration should be 
determined as it is not always possible to include all factors. There are three commonly 
used approaches: 1) using an eigenvalue which is a measure of how much of the variance 
of observed variables a factor explains. If an eigenvalue of a factor is greater than one or 
1.5, then the factor explains more variance than a single observed value; 2) using a scree 
plot; 3) interpretability of factors. Consequently, the decision on the number of factors is 
subjective.  
Each factor contains the amount of variance in the observed variables and can be 
explained in percentage. To enhance interpretability of, and minimize, the correlation 
between factors, rotation of factor scores are used [294, 300]. 
Factor analysis and PCA are similar analysis methods—both are data reduction 
techniques that allow variances in a smaller number of variables with weighted 
correlation. However, whereas PCA is a linear combination of a number of observed 
variables to create components, factor analysis is a measurement model of factors. PCA 
is counter-intuitive to factor analysis [300]. PCA can be summarized with the following 





Figure 3.4 Relationship of observed and component variables in principal 
component analysis 
 𝐶𝑖 = β𝑖0 + β𝑖1𝑌1 + β𝑖2𝑌2+ . . . β𝑖𝑖𝑌𝑖,   𝑖=1, 2, 3….. 𝐼 Equation 3.2 
where 𝜷𝒊𝟏 , 𝜷𝒊𝟐, ….𝜷𝒊𝒌 are correlation coefficients (component loadings) of  variables, 
𝒀𝟏, 𝒀𝟐, ,….. 𝒀𝒊 on components 𝑪𝟏, 𝑪𝟐…….𝑪𝒊. Like factor analysis, a higher factor 
loading indicates a greater weighted correlation with a specific pattern. 
Four studies (CHAPTER 4, CHAPTER 6, CHAPTER 7 and CHAPTER 8) of this thesis 
used factor analysis with PCA to construct dietary and nutrient patterns. In STATA, this 
analysis was performed using “factor Y1 Y2…..Yi, pcf factor (n)” command, where Y are 
observed variables (intake of foods and nutrients) and n is the number of factors 
(components) needed to be retained. Detailed dietary analysis approaches are described 
in each study.  
One study evaluates three common dietary analysis methods (PCS, PLS and RRR) in the 
thesis (CHAPTER 8). PLS and RRR are a priori and a posteriori methods (hybrid 
approaches). These methods are extensions of a linear regression analysis that specifies 





The three methods (PCA, PLS and RRR) are similar in their mathematical fundamentals 
and technique of deriving factors. In addition, they are extensions of a linear regression 
method and the assumption behind these methods is that the extracted factors 
(components) are uncorrelated. However, in contrast to PCA, RRR identifies factors that 
explain as much response variation as possible. PLS moderates the two—explains 
predictor and response variation simultaneously. Assuming there are two predictors, X1 
and X2, one response variable, 𝑌; Figure 3.5 depicts how each of the three methods 
explains predictor (𝑋𝑠) and response (𝑌) variations.  
 
Figure 3.5 Comparison of predictor and response variations in three data reduction 
methods (Principal component analysis [PCA], partial least-squares [PLS] and 
reduced-rank regression [RRR]) [301] 
From Figure 3.5, one can understand that the response (𝑌) varies orthogonally when the 




effectively ignores response data and explains as much predictor variation as possible and 
RRR ignores predictors and explains as much response variation as possible. PLS 
balances the two and extracts one factor at a time. 
RRR constructs the factors to account for the maximum predicted responses by ignoring 
the predictors. Assume 𝒀 is a centred response (𝒏 × 𝒒) variable which is dependent on 
centred predictors X (𝒏 × 𝒑). The 𝑿 scores are the projections of the 𝒀 scores (𝒀𝒒𝒊) onto 
the 𝑿 space. The 𝒀 weighted (𝒀𝒒𝒊) are the vectors of covariance matrix  Ŷ
′
𝑶𝑳𝑺Ŷ𝑶𝑳𝑺 of the 
responses predicted by ordinary least squares (OLS) regression. The OLS can be 
expressed as [48]:  
 L =∥ Y − ΠX ∥2 Equation 3.3 
where 𝜫 is a (𝒑 × 𝒒) matrix of regression weights. It can be expressed as [48]:  
 ΠOLS = (X
⊤X)−1X⊤Y  Equation 3.4 
RRR maximizes 𝜫 to constraint rank (𝜫) ≤ 𝒓, where 𝟎 ≤ 𝒓 < 𝒎𝒊𝒏(𝒑, 𝒒). Therefore, a 
RRR model can be given as:  
 Yi = ΠX𝑖 + ΨZ𝑖 +  ε𝑖,   𝑖=1, 2, 3….. 𝐼  Equation 3.5 





 Yi = αβ′X𝑖 + ΨZ𝑖 +  ε𝑖,   𝑖=1, 2, 3….. 𝐼 Equation 3.6 
where Π = 𝛼𝛽′ and 𝜶 and 𝜷 have dimensions 𝒑 × 𝒓 and 𝒑 × 𝒓, respectively [48]. 
Unlike PCA and RRR, PLS model considers both predictors and responses 
simultaneously. Assume 𝑿=𝑿𝟎 and 𝒀=Y0 are the centred and scaled matrix of predictors 
and responses, respectively. Let 𝒕=𝑿𝟎𝒘, where t is a score vector and 𝒘 is associated 
weight vector. In general, the PLS method uses regression to predict 𝑿𝟎 and 𝒀𝟎 on 𝒕 [47, 
301]: 
 
0 = 𝑡𝑝′ , where 𝑝 = (𝑡
′𝑡)−1𝑡′𝑋0 Equation 3.7 
 Ŷ0 = 𝑡𝑐′ , where 𝑐 = (𝑡
′𝑡)−1𝑡′𝑌0 Equation 3.8 
The vector 𝒑 and 𝒄 are the 𝑿 (predictor) and 𝒀 (response) loadings, respectively [47, 301].  
In my study (CHAPTER 8), the performance of the three methods (PCA, PLS and RRR) 
in constructing plausible dietary patterns associated with BMD and BMC was evaluated. 
PLS and RRR analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, 
North Carolina) using “proc pls <options> method = ;” [301] command and defining the 
methods (rrr or pls). 
3.2.3 Model building in the NWAHS and CHNS data 
In each study, models using statistical approaches that were appropriate for the data in 
NWAHS and CHNS were developed. Linear, Poisson and Cox proportional hazard 
regressions were used. Table 3.2 summarizes model building process and statistical 







Table 3.2 Summary of predictors, outcome and confounding variables and statistical approaches used in the studies of this thesis 





Model Covariates (adjusted for) Statistical 
approaches 









 Outcome: low 
BMD (T-
score<-2.5) 
Crude None  Poisson 
regression 
 
Model 1 Sex and age   
Model 2 Model 1 + socio-economic and lifestyle factors (smoking 
status, alcohol intake (no risk, low risk, medium/very high 
risk), marital status, income, health literacy, leisure-time 
and job-related physical activity levels) 
 
Model 3 Model 2 + chronic conditions (diabetes mellitus, family 
history of osteoporosis and BMI (continuous) 
 
Model 4 Model 3 + energy intake (continuous)  Subgroup analysis 
 Interaction of covariates with the predictor 
variable 
 Sensitivity analysis 








 Outcome: BMD 
(mg/cm2) 
Crude None Linear 
regression 
 
Model 1 Sex and age  
Model 2 Model 1 + socio-economic and lifestyle factors [smoking, 
alcohol intake (no/low risk, medium/very high risk), 
marital status, income, health literacy 
(limited, adequate), leisure time and job-related physical 
activity levels (low, moderate/high)] 
 
Model 3 Model 2 + chronic conditions [diabetes mellitus, family 
history of osteoporosis and body mass index (continuous)] 
 
Model 4 Model 3 + energy intake (continuous)  Subgroup analysis 
 Interaction of covariates with the predictor 
variables 
 Sensitivity analysis  
 Multiple imputations 












Model Covariates (adjusted for) Statistical 
approaches 




















Model 2 Model 1 + educational status (low, medium and high), 
income (low, medium and high), alcohol consumption 
(none, <1, 1–2, 3–4 per week and 
daily), smoking (non-smoker and current/ex-smoker), 
residency (rural and urban) and physical activity level 
(metabolic equivalent task-hours/week, continuous) 
 
Model 3 Model 2 + body-mass index (continuous) and high blood 
pressure (yes/no) 
 Subgroup analysis 
 Interaction of covariates with the predictor 
variable 
 Sensitivity analysis  
 Evaluation of different dietary exposure 
measurement approaches 
















 Outcome: BMD 
(mg/cm2) and 
BMC (g) 
Model 1 Sex and age Linear 
regression 
 
Model 2 Model 1 + socio-economic and lifestyle factors (income, 
marital status, smoking, alcohol risk, health literacy, leisure 
time and job-related physical activity levels), 
chronic conditions (diabetes mellitus, family history of 
osteoporosis and body mass index) 
 
Model 2 of bone mineral content (BMC) was additionally 
adjusted for height (cm). 
 
Model 3 Model 2 + total energy intake 
 
Model 3 of bone mineral content (BMC) was additionally 
adjusted for height (cm). 
 Subgroup analysis 
 Sensitivity analysis 
 Trend analysis 
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Background: Diet is a major determining factor for many non-communicable chronic 
diseases (NCDs). However, evidence on diet-related NCD burden remains limited. We 
assessed the trends in diet-related NCDs in Australia from 1990 to 2015 and compared 
the results with other countries of the Organization for Economic Co-operation and 
Development (OECD). 
Methods: We used data and methods from the Global Burden of Disease (GBD) 2015 
study to estimate the NCD mortality and disability-adjusted life years (DALYs) 
attributable to 14 dietary risk factors in Australia and 34 OECD nations. Countries were 
further ranked from the lowest (first) to highest (35th) burden using an age-standardized 
population attributable fraction (PAF).  
Results: In 2015, the estimated number of deaths attributable to dietary risks was 29,414 
deaths (95% uncertainty interval [UI] 24,697-34,058 or 19.7% of NCD deaths) and 
443,385 DALYs (95% UI 377,680- 511,388 or 9.5% of NCD DALYs) in Australia. 
Young (25-49 years) and middle-age (50-69 years) male adults had a higher PAF of diet-
related NCD deaths and DALYs than their female counterparts. Diets low in FV, nuts and 
seeds and whole grains, but high in sodium, were the major contributors to both NCD 
deaths and DALYs. Overall, 42.3% of CVD deaths were attributable to dietary risk 
factors. The age-standardized PAF of diet-related NCD mortality and DALYs decreased 
over the study period by 28.2% (from 27.0% in 1990 to 19.4% in 2015) and 41.0% (from 
14.3% in 1990 to 8.4% in 2015), respectively. In 2015, Australia ranked 12th of 35 
examined countries in diet-related mortality. A small improvement of rank was recorded 




Conclusions: Despite a reduction in diet-related NCD burden over 25 years, dietary risks 
are still the major contributors to a high burden of NCDs in Australia. Interventions 
targeting NCDs should focus on dietary behaviours of individuals and population groups.  
Keywords: dietary risk factors, non-communicable diseases, burden of disease, 

























Dietary risk factors are major contributors to mortality and morbidity from NCDs [302-
304]. Despite this finding, food consumption in developed nations is dominated by the 
intake of an unhealthy diet [50]. Considering this growing global problem, the UN, 
through the Decade of Action on Nutrition, aims to improve human nutrition by involving 
stakeholders [305]. Nutrition is also at the centre of the global development agenda and 
is associated with 12 of the 17 SDGs. Specifically, the third goal (“Ensure healthy lives 
and promote well-being for all at all ages”) recognizes NCD as a major global challenge 
and aims to target a one-third reduction of associated premature deaths by 2030 [306]. 
However, information on the contribution of dietary risk factors to the burden of NCDs 
is limited.  
In 2011, the Australian Burden of Disease (ABD) study, for the first time, evaluated the 
effect of 13 dietary risk factors on NCD DALYs [307]. Estimates from the 2015 GBD 
study also provides similar results for Australia and other countries. However, the 
approach used by the ABD study and the GBD study are slightly different from each other 
[297, 307]. For instance, compared to the GBD estimates, the ABD study used more data 
sources and, therefore, it was less dependent on statistical modelling [307]. On the other 
hand, the GBD study is based on the most recent high-quality evidence from a range of 
different data sources (national and international including the FAO database) that can 
help to obtain better and complete estimates than those based on only local data. The 
GBD study also provides estimates for 14, rather than 13, dietary risk factors to estimate 
their effect on the burden of NCDs [297]. Moreover, unlike the ABD study, GBD 
provides updated effect sizes (relative risks) and exposure levels of dietary risks, as well 




consistent methods and data sources, which indicate that the results from the GBD study 
provide a better platform than the ABD study to compare the burden of disease and risk 
factors across countries over time. 
The approach developed for the GBD also provides a capacity to specifically report and 
compare estimates and 95% uncertainty intervals (UIs) of diet-related burden (mortalities 
and DALYs) of NCDs for all nations worldwide [297]. In this study, using data from the 
2015 version of the GBD data, we compiled data on diet-related mortalities and DALYs 




The GBD 2015 risk factors study captures 79 behavioural, environmental and 
occupational, and metabolic risks over a 25-year period 1990 to 2015 for 195 countries 
[297]. All countries were nested under seven super-regions and 21 regions. Using the 
results from this study, the diet-related burden of NCDs in Australia was determined and 
compared with other 34 OECD countries (namely, Austria, Belgium, Canada, Chile, the 
Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, 
Iceland, Ireland, Israel, Italy, Japan, Luxembourg, Mexico, the Netherlands, New 
Zealand, Norway, Poland, Portugal, Singapore, Slovakia, Slovenia, South Korea, Spain, 
Sweden, Switzerland, Turkey, the United Kingdom (UK) and the US, as well as with four 
GBD groupings: the global average (195 countries) and averages for European (42 
countries), OECD (35 countries) and high-income countries (34 countries). Ranking of 




attributable fraction (PAF). 
Selection of dietary risk factors 
Overall, 14 dietary risk factors (eight food groups, five nutrients and fibre intake) were 
included in GBD 2015. These included diets low in FV, whole grains, nuts and seeds, 
milk, fibre, calcium, seafood omega-3, and polyunsaturated fatty acids, as well as diets 
high in red and processed meat, sugar-sweetened beverages (SSBs), trans fatty acids, and 
sodium [297, 308]. The GBD 2015 selected dietary risks based on the strength of 
epidemiological evidence for causality and generalizability, significance (or relative 
contribution) to the burden of disease and availability of sufficient and reliable data [297]. 
The World Cancer Research Fund evidence assessment tool [297, 309] was used to 
evaluate the strength of the epidemiological evidence on the causal relationship between 
each dietary risk factor and a disease outcome. Convincing or probable evidence of diet-
disease pairs were included in the study. A more detailed description of the GBD 2015 
study has been published elsewhere [297]. The list of studies that support the evidence is 
shown in Supplementary Table 4.1. The process of dietary factors selection and 
estimation of the attributable burden of disease is depicted in Figure 4.1. The optimal 










Figure 4.1 Flow diagram depicting an overview of dietary data search, processing, 
and estimation of relative risks, Theoretical minimum-risk exposure level (TMREL) 
and burden of non-communicable diseases 
[Adapted from the Global Burden of Disease (GBD) 2015 Risk Factors Study. This figure depicts a 





Data sources and estimating exposure levels 
For each dietary risk factor, the literature was searched for nationally or sub-nationally 
representative nutrition surveys. Data from food balance sheets and supply utilization 
accounts of the FAO of the UN were also used. For trans fatty acids, the availability of 
partially hydrogenated vegetable oil packaged foods was used. The list of data sources 
used for Australia is provided in Supplementary Table 4.2. Data sources used for all 
countries included in GBD can be accessed on the Global Health Data Exchange 
(http://ghdx.healthdata.org/). All dietary data (other than SSBs and urinary sodium) were 
standardized to 2000 kcal/day [297]. 
For FAO data, after adjustments were made for energy intake, the missing country-year 
data were estimated using spatiotemporal Gaussian process regression (ST-GPR), and 
age split of the data was then applied to transform to GBD age groups. A Bayesian 
hierarchical meta-regression method (DisMod-MR 2.1) was used to estimate the intake 
of each dietary factor by age, sex, country, and year from all data sources. DisMod-MR 
2.1 has two important components: a mixed effect meta-regression analysis using sex and 
country level covariates, and the second component is a cascade repeating the above 
model by limiting data to one year-sex. If country-specific data were available, the model 
was mostly informed using these data. Specifically, the relationship between the standard 
deviation and mean intake of dietary factors and the associated standard deviations 
observed in nationally representative nutrition surveys were modelled by applying a log-
normal distribution on 24-h diet recalls data to characterize the dispersion of the risk 
factors. A detailed approach and formula are provided in the GBD 2015 risk factor paper 





Estimating effect sizes 
For each diet-outcome pair, the relative risk for incidence or mortality per unit change in 
intake was obtained from the most recent dose-response meta-analysis of prospective 
observational studies [297]. Due to very limited and inconclusive evidence, the relative 
risks of sodium and SSBs were determined by a two-stage indirect approach using 
systolic blood pressure and body mass index (BMI), respectively [297, 310, 311]. In this 
approach, the associations of 24-h sodium excretion with systolic blood pressure and of 
SSBs with BMI were first determined. Next, the effects of systolic blood pressure and 
BMI on the risk of disease outcomes were calculated. BMI, total serum cholesterol, 
fasting plasma glucose and systolic blood pressure were considered to mediate the 
relationship between dietary factors and NCDs. These mediators were used to estimate 
the age-specific relative risks of diet and CVD and diabetes mellitus [297]. A complete 
list of mediators used in the study is shown in Supplementary Table 4.3. 
Estimating attributable disease burden and uncertainties  
For each dietary risk factor, the proportion of disease burden that could have been 
prevented if the exposure level had been sustained at the level associated with the lowest 
risk was quantified. The level of exposure that is associated with the lowest risk is termed 
as the TMREL. Two steps were used to determine the TMREL. First, the level of intake 
associated with the lowest risk of each disease endpoint was determined from prospective 
observational studies. Next, the weighted average of disease-specific optimal intakes was 
used to determine TMREL (weight: number of deaths due to each outcome divided by 
the total number of deaths from all the outcomes related to the exposure at the global 
level). A 20% uncertainty range below and above the weighted mean was applied [297]. 




fraction (PAF) was first estimated using the following equation [297]: 
 










where 𝑃𝐴𝐹𝑗𝑜𝑎𝑠𝑔𝑡 is a population attributable fraction for a risk factor 𝑗 attributed to cause 
𝑜 for age group 𝑎, sex 𝑠, geography 𝑔, and year 𝑡. 𝑅𝑅𝑗𝑜𝑎𝑠𝑔(𝑥) is the relative risk as a 
function of exposure level 𝑥 for a risk factor 𝑗 attributed to cause 𝑜, age group 𝑎, sex 𝑠, 
and geography 𝑔 with the lowest level of observed exposure as 𝑙 and the highest as 𝑢; 
𝑃𝑗𝑎𝑠𝑔𝑡(𝑥) is the distribution of exposure at 𝑥 for age group 𝑎, sex 𝑠, geography 𝑔, and 
year 𝑡; TMREL jas is the TMREL for risk factor j, age group a, and sex s. 
Next, the attributable burden was determined using the number of burden (number of 
deaths and DALYs) and PAF [297]. 
 𝑇𝑜𝑡𝑎𝑙 𝑎𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑏𝑙𝑒 𝑏𝑢𝑟𝑑𝑒𝑛𝑗𝑎𝑠𝑔𝑡 = ∑ 𝐵𝑢𝑟𝑑𝑒𝑛𝑗𝑜𝑎𝑠𝑔𝑡
𝑤
𝑜=1
𝑃𝐴𝐹𝑗𝑜𝑎𝑠𝑔𝑡 Equation 4.2 
Data on DALYs and deaths were obtained from the other GBD 2015 studies [312-314]. 
The overall proportion of disease burden attributable to all dietary risk factors was 
calculated using the following formula [297]: 
 





where 𝑖 is a set of risk factors for the aggregation; 𝑃𝐴𝐹𝑖𝑜𝑎𝑠𝑔𝑡 is PAF for risk 𝑖 for age 
group 𝑎, sex 𝑠, geography 𝑔, year 𝑡 and cause 𝑜. For those dietary risk factors with 
mediators, a modified version of this formula was used and can be accessed in the GBD 




Using the Monte Carlo approach, the uncertainty of parameters for exposure, relative risk 
and attributable burden of disease was estimated. All computations were repeated 1000 
times using one draw of each parameter at each iteration. The mean and UIs were 
calculated for the final estimates as per the final 1000 draws [297]. UIs include 
uncertainty from each relevant component, consisting of exposure, relative risks, 
TMREL, and burden rates. Where percentage change is reported (with 95% UIs), we 
calculated it on the basis of the point estimates being compared. 
To compute age-standardized estimates, the GBD world population standard was used 
[315]. Estimates are presented with 95% UIs in parentheses. Rates are reported per 
100,000 person-years. 
Results 
Diet-related NCD burden in Australia for 2015 
In 2015, an estimated 29,414 deaths (24,697-34,058) or 19.7% (16.6-22.8) of NCD deaths 
and 443,385 DALYs (377,680-511,388 or 9.5% of NCD DALYs) were attributable to 
dietary risks. The proportion of NCD deaths related to dietary factors was higher among 
70 years or older (20.1%; 16.8-23.6) than 25-49 years (16.5%; 14.7-18.3) and 50-69 years 
(19.3%; 16.6-21.9). The proportion of NCD deaths attributed to dietary risk factors was 
similar among males (20.8% of NCD deaths; 17.6-24.0) and females (18.6%; 15.6-21.7) 
for all ages; however, deaths were higher in males in the age strata of 25-49 years (19.8% 
of NCD deaths; 17.6-22.2 compared to 11.5%; 10.0-13.1 in females) and 50-69 years 
(22.8%; 19.7-25.8 in males and 13.7%; 11.6-15.8 in females). A similar pattern was 
observed for NCD DALYs related to dietary risk factors. Diet-related NCD DALYs were 




for females. The attributable proportion of NCD burden for males was higher in middle 
and late adulthood, while in females the highest burden occurred at older ages (Table 4.1 





















Table 4.1 Diet-related burden of non-communicable diseases (deaths and disability-adjusted life years) by age and sex in Australia, 2015 




Metrics Deaths (95% UI) DALYs (95% UI) 














































































































































































Figure 4.2 Burden of disease (death and disability-adjusted life years (DALYs)) 
related to dietary risks and proportion of contribution to the burden of non –
communicable disease by age and sex in Australia in 2015  





































































































The leading dietary risk factors for mortality from NCDs in Australia in 2015 were diets 
low in FV, nuts and seeds and whole grains, and high in sodium (Table 4.2). An estimated 
number of 6185 (4.2%) and 6247 (4.2%) NCD deaths were attributable to diets low in 
FV, respectively. NCD deaths attributable to diets low in nuts and seeds (3.9%) and high 
in sodium (3.2%) were also major contributors. We found a relatively low burden of NCD 
deaths (0.1%) attributable to a diet high in SSBs. The burden of disease attributable to 


















Table 4.2 Burden of non-communicable diseases (NCDs) associated with specific dietary risk factors (deaths and disability-adjusted life 
years) in Australia, 2015 
DALYs – disability-adjusted life years; UI – uncertainty interval; The sum of percentages in rows exceeds the total for all dietary risk factors combined because of overlap 
between various risk factors. Proportions were calculated out of all NCD-related deaths/DALYs. 
 
Dietary risks 
Deaths (95% UI) DALYs (95% UI) 
Number Crude rate per 100,000 Crude proportion (%) Number Crude rate per 100,000 Crude proportion (%) 
Diet low in vegetables 6247 (2959-9997) 26 (12-41) 4.2 (2.0-6.7) 84,173 (41,272-132,633) 346 (170-545) 1.8 (0.8-2.9) 
Diet low in fruits 6185 (3647-9204) 25 (15-38) 4.2 (2.5-6.2) 103,554 (62,802-150,775) 426 (258-620) 2.2 (1.3-3.3) 
Diet low in nuts and seeds 5836 (3503-8592) 24 (14-35) 3.9 (2.4-5.8) 84,720 (53,657-121,269) 348 (221-499) 1.8 (1.1-2.7) 
Diet high in sodium 4746 (1319-10789) 20 (5-44) 3.2 (0.9-7.2) 66,686 (20,060-143,025) 274 (82-588) 1.4 (0.4-3.1) 
Diet low in whole grains 4341 (2448-6672) 18 (10-27) 2.9 (1.6-4.5) 77,875 (45,758-115,333) 320 (188-474) 1.7 (1.0-2.5) 
Diet low in seafood omega-3 fatty acids 3342 (1325-5728) 14 (5-24) 2.2 (0.9-3.8) 43,144 (17,083-73,549) 177 (70-302) 0.9 (0.4-1.6) 
Diet low in fibre 2346 (1220-3815) 10 (5-16) 1.6 (0.8-2.6) 32,543 (16,924-52,916) 134 (70-218) 0.7 (0.4-1.2) 
Diet high in processed meat 1889 (592-3146) 8 (2-13) 1.3 (0.4-2.1) 38,633 (19,035-58,628) 159 (78-241) 0.8 (0.4-1.3) 
Diet high in trans fatty acids 1194 (379-2416) 5 (2-10) 0.8 (0.3-1.6) 18,622 (6294-35,900) 77 (26-148) 0.4 (0.1-0.8) 
Diet suboptimal in calcium 952 (509-1472) 4 (2-6) 0.6 (0.3-1.0) 16,356 (8642-25,832) 67 (36-106) 0.4 (0.2-0.6) 
Diet low in polyunsaturated fatty acids 908 (349-1526) 4 (1-6) 0.6 (0.2-1.0) 6935 (2689-11,813) 29 (11-49) 0.2 (0.1-0.3) 
Diet low in milk 742 (247-1305) 3 (1-5) 0.5 (0.2-0.9) 13,317 (4306-23,389) 55 (18-96) 0.3 (0.1-0.5) 
Diet high in red meat 606 (256-975) 2 (1-4) 0.4 (0.2-0.7) 18,985 (8417-30,338) 78 (35-125) 0.4 (0.2-0.6) 




In 2015, 42.3% (35.3-49.1) of all CVD deaths in Australia were related to dietary risks. 
Of all NCD deaths attributable to dietary risks, 80.5% were caused by CVD. The relative 
contribution of dietary risks to CVD deaths was higher among people aged 25-49 (61.7%; 
55.7-67.3) and 50-69 (55.4%; 47.3-63.2) years than those aged 70 years and over (40.0%; 
33.2-46.9). On the other hand, 8.7% of all cancer deaths and 14.2% of deaths related to 
diabetes, urogenital, blood and endocrine were attributable to dietary risk factors 
(Supplementary Table 4.4).  
Trend of diet-related NCD burden between 1990 and 2015 in Australia 
The period 1990-2015 was characterized by a major downward shift in the diet-related 
burden of disease in Australia. Age-standardized rates of mortality and DALYs attributed 
to dietary risks decreased by half during this period (165 to 78). The age-standardized 
attributable fraction of NCD deaths was 27.0% (22.9-31.1) and 19.4% (16.4-22.4) in 1990 
and 2015, respectively (Table 4.3), representing a decrease of 28.2% ([19.4-27.0]/27.0 x 
100). However, the rate of decrease appears to have slowed down in recent years, 
particularly since 2000. For instance, the decrease in the fraction of diet-related deaths 
between 2005 (21.0%; 17.7-24.2) and 2015 (19.4%; 16.4-22.4) was 7.4%, which was 
much lower compared to the 15.1% decrease recorded between 1990 (27.0%; 22.9-31.1) 
and 2000 (23.0%; 19.4-26.4) (Supplementary Table 4.5 and Supplementary Figure 4.2).  
Between 1990 and 2015, the proportion of deaths attributable to dietary risks decreased 
for diets low in fruits (5.5% vs. 4.3%), vegetables (6.4% vs. 4.1%), and nuts and seeds 
(5.8% vs. 3.9%). The relative fraction of NCD deaths attributable to diets high in sodium 
and low in whole grains decreased from 4.6% to 3.2% and 4.3% to 2.9%, respectively, in 
the period (Supplementary Figure 4.3).  




25,660 to 23,665, reflecting a 56.9% decrease in the age-standardized rate of diet-related 
CVD deaths during this period. In contrast, diet-related cancer deaths increased from 
2897 in 1990 to 4121 in 2015. However, despite the modest increase in absolute numbers, 
the age-standardized proportion of cancer deaths related to dietary risk factors decreased 
by 13.5% (Supplementary Table 4.5). 
Comparison with OECD countries 
Table 4.3 and Supplementary Table 4.5 compare age-standardized fraction, rank and 
percentage change of diet-related NCD burden between 1990 and 2015 for 35 countries 
and the mean of global, high-income, OECD and European countries. For both sexes 
combined, Australia had one of the more favourable dietary profiles in 2015 ranked 
behind only 11 and three other countries in terms of deaths and DALYs, respectively. 
Compared to the global average and averages of high-income, OECD and Europe 
countries, the estimated attributable deaths and DALYs for Australia in 2015 were lower. 
When stratified by sex, Australia ranked ninth for male and 15th for female deaths 
attributable to dietary risks. The rank in terms of death in 2015 represents an improvement 
over the results in 1990 for males; however, these results remained nearly the same for 
females. Australia ranked second (behind Switzerland) in terms of diet-related NCD 
DALYs for males in 2015. Australia ranked 11th in males and 14th in females for diet-
related NCD deaths in 1990. In 2015, the rank for males jumped two levels to ninth; the 
rank for females moved down marginally to 15th. 
In seven out of 35 countries (including Australia), a diet low in fruits was the leading 
dietary risk. While a diet high in sodium is the fourth most important dietary factor in 
Australia, it was the leading dietary risk factor at a global level and in 12 OECD countries. 




including Australia (Supplementary Figure 4.4).  
The absolute number of deaths and DALYs in 1990 and 2015 in all countries is provided 
in Supplementary Table 4.6. We also present age-specific burden of NCDs and age-
standardized specific causes of death attributable to dietary risks for all countries in 



















Table 4.3 Age-standardized burden of non-communicable diseases (expressed as percentage of deaths and disability-adjusted life years) 




Death (95% UI) DALYs (95% UI) 
1990 2015   1990 2015   
Proportion (%) Rank Proportion (%) Rank Change (%) Proportion (%) Rank Proportion (%)  Rank Change (%) 
Netherlands 23.7 (20.0-27.4) 4 (4-4) 16.1 (13.4-19.0)* 1 (1-1) -32.1 (-35.3 to -29.3) 14.1 (11.8-16.6) 5 (5-5) 8.4 (6.9-10.0)* 3 (3-4) -40.4 (-43.4 to -37.6) 
France 20.7 (17.6-24.1) 2 (2-2) 17.0 (14.4-19.7) 2 (2-2) -17.9 (-20.6 to -15) 11.2 (9.3-13.3) 1 (1-1) 8.2 (6.7-9.8) 2 (2-2) -26.7 (-29.2 to -24.1) 
Israel 27.1 (22.5-31.8) 14 (11-14) 17.4 (14.4-20.8)* 3 (3-4) -35.8 (-38.8 to -33) 15.7 (13.0-18.7) 15 (13-15) 8.7 (7.2-10.5)* 6 (5-6) -44.5 (-47.5 to -41.2) 
Spain 23.1 (19.5-27.0) 3 (3-3) 17.6 (14.8-20.7) 4 (3-4) -23.8 (-26.5 to -21.2) 13.5 (11.3-16.0) 4 (4-4) 9.0 (7.5-10.7)* 7 (7-7) -33.4 (-35.9 to -30.7) 
Denmark 28.6 (24.6-32.4) 21 (17-22) 18.4 (15.8-21.1)* 5 (5-5) -35.7 (-38.4 to -33.1) 16.5 (13.9-19.1) 20 (20-21) 9.2 (7.7-11.0)* 10 (9-10) -43.9 (-46.5 to -41.1) 
Switzerland 24.1 (20.4-27.8) 5 (5-5) 18.5 (15.7-21.6) 6 (6-6) -23.2 (-26.1 to -20.1) 12.4 (10.3-14.7) 3 (2-3) 7.7 (6.4-9.3)* 1 (1-1) -37.4 (-40.2 to -34.8) 
Mexico 19.2 (16.3-22.4) 1 (1-1) 18.8 (15.9-22.0) 7 (7-10) -1.8 (-3.9 to 0.4) 12.3 (10.4-14.4) 2 (2-3) 11.9 (10.0-14.0) 26 (26-26) -3.3 (-5.5 to -1.1) 
Norway 29.1 (24.9-33.2) 23 (24-24) 18.8 (16.0-21.7)* 8 (7-8) -35.3 (-37.6 to -32.9) 16.2 (13.6-18.9) 18 (17-18) 8.7 (7.2-10.2)* 5 (5-6) -46.5 (-48.8 to -44.0) 
Belgium 25.0 (21.5-28.5) 6 (6-7) 18.8 (16.1-21.7) 9 (7-9) -24.8 (-27.2 to -22.4) 14.7 (12.4-17.1) 8 (7-9) 9.6 (8.0-11.3)* 12 (12-14) -34.6 (-37.2 to -32.0) 
United Kingdom 29.3 (25.4-33.1) 24 (25-23) 19.0 (16.3-21.6)* 10 (7-10) -35.4 (-37.3 to -33.5) 17.8 (15.1-20.4) 26 (26-26) 9.6 (8.1-11.3)* 13 (12-13) -45.9 (-47.7 to -43.9) 
Canada 26.6 (22.8-30.3) 11 (9-12) 19.4 (16.6-22.3)* 11 (11-11) -27.1 (-29.5 to -24.8) 15.1 (12.8-17.5) 11 (9-12) 9.6 (8.1-11.3)* 14 (13-14) -36.2 (-38.4 to -33.8) 
Australia 27.0 (22.9-31.1) 13 (13-14) 19.4 (16.4-22.4)* 12 (11-12) -28.2 (-30.6 to -25.7) 14.3 (11.9-16.8) 6 (6-6) 8.4 (7.0-9.9)* 4 (3-4) -41 (-43.5 to -38.5) 
Chile 26.4 (22.5-30.7) 10 (10-12) 19.4 (16.3-23.3) 13 (11-15) -26.2 (-29.5 to -23.1) 15.5 (13.1-18.2) 13 (13-14) 10.8 (9.0-13.0)* 21 (21-21) -30.3 (-33.4 to -27.1) 
New Zealand 26.1 (22.1-30.1) 9 (7-9) 19.7 (16.7-22.9) 14 (14-14) -24.8 (-26.9 to -22.6) 15.1 (12.6-17.6) 10 (10-10) 9.3 (7.7-11.0)* 11 (11-11) -38.3 (-41.0 to -35.6) 
Luxembourg 26.7 (22.9-30.6) 12 (11-13) 19.7 (16.9-22.8)* 15 (13-15) -26.1 (-28.6 to -23.6) 15.7 (13.2-18.4) 14 (14-16) 9.1 (7.6-10.8)* 8 (8-9) -41.7 (-44.0 to -39.4) 
Portugal 27.9 (23.3-32.9) 16 (16-21) 20.7 (17.4-24.4) 16 (16-17) -25.7 (-28.3 to -22.8) 16.6 (13.9-19.9) 23 (20-24) 10.5 (8.7-12.6)* 19 (19-20) -37.1 (-39.8 to -34.4) 
United States 28.0 (24.1-31.8) 17 (15-19) 21.0 (18.0-24.0)* 17 (16-17) -25.1 (-26.9 to -23.3) 16.3 (14.0-18.8) 19 (16-23) 11.9 (10.2-13.7)* 25 (24-27) -27 (-29.2 to -24.8) 
Germany 28.6 (24.3-32.8) 20 (20-20) 21.3 (18.0-25.0) 18 (18-19) -25.5 (-28.0 to -23.1) 16.5 (13.9-19.5) 21 (19-21) 10.2 (8.4-12.2)* 16 (15-17) -38.7 (-40.9 to -36.5) 
Italy 25.9 (21.9-30.2) 8 (8-8) 21.4 (18.2-25.3) 19 (19-20) -17.2 (-20.1 to -14.5) 14.6 (12.3-17.3) 7 (8-8) 10.1 (8.4-12.0)* 15 (15-16) -31.0 (-33.3 to -28.5) 
Iceland 28.8 (24.5-33.0) 22 (21-22) 21.5 (18.3-24.7) 20 (18-20) -25.4 (-27.7 to -23.1) 15.3 (12.8-18.0) 12 (11-12) 9.2 (7.6-11.0)* 9 (8-10) -39.9 (-42.3 to -37.5) 
Ireland 30.1 (26.0-34.0) 26 (25-26) 22.2 (19.1-25.3)* 21 (21-21) -26.3 (-28.6 to -23.8) 17.2 (14.5-19.9) 24 (23-24) 10.2 (8.5-12.1)* 17 (16-17) -40.5 (-43.4 to -37.8) 
Japan 28.1 (23.6-32.8) 18 (17-19) 22.8 (19.2-26.4) 22 (22-22) -19.2 (-21.5 to -16.8) 15.8 (13.2-18.9) 16 (15-18) 11.5 (9.6-13.7) 24 (24-25) -27.1 (-29.3 to -24.9) 
Slovenia 27.3 (23.0-31.9) 15 (15-16) 23.0 (19.3-27.2) 23 (23-27) -15.7 (-19.1 to -11.7) 17.2 (14.5-20.3) 25 (25-25) 11.5 (9.5-13.7)* 23 (23-23) -33.6 (-37.0 to -30.2) 
Austria 28.2 (24.0-32.6) 19 (18-18) 23.1 (19.4-26.8) 24 (23-24) -18.3 (-20.9 to -15.3) 16.2 (13.5-19.1) 17 (17-19) 10.4 (8.6-12.4)* 18 (18-18) -35.8 (-38.1 to -33.6) 
South Korea 33.6 (28.5-39.0) 28 (28-30) 23.2 (19.5-27.1)* 25 (25-25) -31.1 (-34.2 to -28.0) 23.2 (19.8-27.0) 30 (30-30) 12.6 (10.6-15.0)* 28 (28-28) -45.4 (-48.7 to -42.3) 
Sweden 31.1 (26.6-35.5) 27 (27-27) 23.3 (19.8-26.9) 26 (24-26) -25.2 (-27.4 to -22.8) 16.6 (13.9-19.5) 22 (21-22) 10.6 (8.8-12.5)* 20 (19-20) -36.4 (-38.7 to -34.1) 
Greece 25.4 (20.9-30.3) 7 (6-10) 23.3 (19.4-27.7) 27 (26-28) -8.0 (-10.8 to -4.6) 14.7 (12.1-17.8) 9 (7-11) 12.0 (9.9-14.5) 27 (25-27) -18.3 (-21.5 to -14.9) 
Finland 33.7 (28.9-38.2) 29 (28-29) 23.5 (19.9-27.1)* 28 (26-28) -30.4 (-32.7 to -27.9) 20.4 (17.2-23.6) 28 (28-28) 11.2 (9.3-13.1)* 22 (22-22) -45.2 (-47.4 to -42.7) 
Turkey 29.5 (24.9-34.1) 25 (23-26) 24.2 (20.3-28.4) 29 (29-29) -17.9 (-22.9 to -13.1) 19.4 (16.4-22.5) 27 (27-27) 13.4 (11.2-15.9)* 29 (29-29) -30.7 (-36.4 to -25.1) 
Singapore 34.2 (29.9-38.5) 30 (29-30) 28.2 (24.3-32.4) 30 (30-30) -17.3 (-20.2 to -14.4) 22.7 (19.6-26.0) 29 (29-29) 14.4 (12.0-17.2)* 30 (30-30) -36.6 (-39.5 to -33.5) 
Poland 39.6 (34.7-44.3) 32 (32-32) 31.2 (27.1-35.2) 31 (31-31) -21.2 (-23.1 to -19.3) 25.9 (22.5-29.4) 32 (32-32) 17.4 (14.9- 20.0)* 31 (31-32) -32.9 (-35.1 to -30.7) 
Hungary 36.8 (32.4-41.0) 31 (31-31) 32.8 (28.7-36.9) 32 (32-32) -10.7 (-13.1 to -8.5) 25.0 (21.9-28.2) 31 (31-31) 18.9 (16.4-21.6)* 34 (34-34) -24.4 (-27.4 to -21.6) 
Czech Republic 40.6 (36.0-45.2) 33 (33-33) 34.1 (29.9-38.0) 33 (33-33) -16.1 (-18.0 to -14.1) 26.8 (23.4-30.2) 33 (33-33) 17.8 (15.2-20.6)* 33 (33-32) -33.5 (-35.9 to -31.1) 
Estonia 44.9 (39.4-50.1) 35 (35-35) 34.8 (29.4-40.9) 34 (34-35) -22.4 (-27 to -16.2) 28.1 (24.3-32.0) 35 (35-35) 17.5 (14.7-20.9)* 32 (31-33) -37.9 (-41.6 to -33.0) 
Slovakia 42.7 (37.8-47.5) 34 (34-34) 36.2 (31.7-40.6) 35 (34-35) -15.3 (-17.9 to -11.6) 27.8 (24.0-31.3) 34 (34-34) 19.4 (16.6-22.3)* 35 (35-35) -30.3 (-33.4 to -26.8) 
OECD Countries 28.2 (24.2-32.2)   21.4 (18.4-24.7)   -23.9 (-25.3 to -22.4) 16.6 (14.2-19.3)   11.3 (9.6-13.3)*   -31.8 (-33.5 to -30.0) 









Death (95% UI) DALYs (95% UI) 
1990 2015   1990 2015   
Proportion (%) Rank Proportion (%) Rank Change (%) Proportion (%) Rank Proportion (%)  Rank Change (%) 
Europe 33.3 (28.9-37.6)   29.3 (25.6-33.2)   -11.9 (-13 to -10.6) 20.5 (17.7-23.6)   16.4 (14.0-19.0)   -20.2 (-22.0 to -18.3) 
Global 30.6 (26.8-34.5)   30.3 (26.6-34.0)   -1.0 (-2.2 to 0.3) 19.8 (17.3-22.7)   18.5 (16.1-21.2)   -6.9 (-9.0 to -4.6) 
*- Changes that are statistically significant (i.e., the changes were outside the 95% UI range). DALYs – disability-adjusted life years; OECD – Organization for Economic 
Cooperation and Development; UI – uncertainty interval; Ranking was based on the age-standardized relative contribution (population attributable fraction) to deaths and 






Compared to other OECD nations, Australia was one of the countries with a relatively 
low burden of NCDs attributable to dietary risks. Over the past 25 years, the burden of 
diet-related NCDs in Australia has declined. However, despite improvements in 
Australia’s global standing and a decline in diet-related NCD burden over the past 25 
years, the relative contribution of dietary risk factors to NCD burden is still high in 
Australia. In 2015, nearly one-fifth (19.7%) of NCD deaths were attributable to dietary 
risk factors. Young (25-49 years) and middle-age (50-69 years) male adults had a higher 
PAF of diet-related NCD deaths and DALYs than their female counterparts. Overall, 
more than three-quarters (80.5%) of diet-related NCD deaths were caused by CVD and 
42.3% of all CVD deaths were attributable to dietary risks. Diets low in FV, nuts and 
seeds, and whole grains, and high in sodium were the major contributors to both NCD 
deaths and DALYs.  
Dietary risks were the most important behavioural risk factors for deaths and DALYs in 
Australia in all age groups and both sexes [297, 316]. In people aged 25-49 and 50-69 
years, the risk factors were the second (behind alcohol and drug use, and tobacco use, 
respectively) most important behavioural risks of mortality while being the highest 
ranked risk factor among those aged 70 years and over [316]. These findings highlight 
the potential to reduce the burden of NCDs and improve population health through the 
implementation of effective community-based strategies that target improving dietary 
behaviours. Because metabolic factors mediate dietary risk factors [317] and dietary 
factors are the most common modifiable risks in Australia, interventions prioritizing 
better dietary behaviours can produce greater impact. Studies in other developed countries 




first and foremost can assist in preventing and optimizing metabolic risk factors. Most 
importantly, with such interventions, we can reduce the cost related to diet-related 
disease, which is the most costly compared to the other behavioural and metabolic risk 
factors [320].  
Our study showed a higher proportion of diet-related NCD burden among males at a 
younger age when compared to their female counterparts in Australia. The sex difference 
in the burden of diet-related NCDs in Australia was also shown in the GBD 2013 and 
2015 risk factor studies at the global level [24, 297], which could be linked to more 
prevalent consumption of unhealthy diets among young people and males [50, 321] than 
their female counterparts. For instance, sodium consumption in Australia was higher in 
males (3.59 g/day) than females (3.26 g/day) [311, 322]. Meat consumption by Australian 
males was also remarkably higher than females [323]. These two dietary risks are closely 
linked with CVD [324], diabetes mellitus [325] and cancer [326]. Recently, the WHO 
reported that increased consumption of red and processed meat increases the risk of 
cancer [326]. A systematic review also reported an increased risk of cancer of as much as 
18% for a 50 g increase of consumption of processed meat per day [309]. Processed foods 
are also known to have high salt content [258], which further increase the risk of NCD. 
These findings suggest that preventive interventions to reduce exposure to dietary risks 
should be a priority for younger males to reduce the risk of NCDs.  
In the current study, a low consumption of FV was the leading dietary risk, which is 
consistent with findings obtained from a recent Australian report [307]. High levels of 
co-morbidity and premature mortality from NCDs are attributable to the low consumption 
of FV [303, 327]. The Australian dietary guidelines recommend consuming two servings 




recommendations from relevant international organizations (i.e., WHO and FAO) [329] 
and thus intervention efforts [321, 330, 331], the 2011/12 Australian Health Survey 
indicated that only 5.5% of Australian adults had an adequate daily intake of FV [332]. 
Taylor and colleagues [330] also reported that the proportion of adults consuming the 
recommended level of vegetables and/or fruits in an Australian state (South Australia) 
has not changed between 2004 and 2013. Consistent with this finding, the attributed 
burden of disease in Australia also remained the same between 2005 and 2015. Similarly, 
the finding on gender differences in the burden of NCD due to a low consumption of FV 
is consistent with sex differentials in FV consumption patterns in Australia [332] and 
elsewhere [333]. Further intervention options, particularly community-based 
programmes, to increase the consumption of FV in the country should be reconsidered, 
as alternative strategies may provide different levels of effectiveness [334-336].  
The relatively low proportion of NCD burden attributable to SSBs observed in this study 
is consistent with other findings in Australia (0.3% of the total DALYs) [307] and the UK 
[337]. In 2011/12, 32% of adults (i.e., aged 19 years and above) were reported to have 
consumed SSBs [338], and the proportion of people and the amount of SSB consumption 
tended to decline with age among South Australian adults [247]. Despite the robust 
methods in the GBD and a demonstrated prospective association between SSB 
consumption and the risk of NCDs [339], the relatively low attributable NCD burden in 
Australia could be due to a number of factors. First, the reported level of SSB 
consumption could be underestimated due to social desirability bias in the original studies 
used in this study, which eventually leads to an underestimated attributable burden of 
diseases. Second, given that the consumption of SSBs is associated with a high 
consumption of other components of poor quality (processed) diet [340, 341], such as 




masked by these associations. However, these limitations might also apply to the other 
dietary risks included in this study. Third, it is also possible that the estimates used in the 
study may have been affected by the indirect approach used to estimate the burden 
attributable to SSBs [297, 310]. In this approach, NCD risk was estimated using BMI 
although this may not be the only causal mechanism. For instance, SSBs could affect 
health through change in blood glucose level [343]. 
A recent study in Mexico asserted that interventions, such as taxing SSBs would reduce 
consumption [344]. In addition, a modelling study on the effect of taxing SSBs on health 
and associated expenses showed gains in health-adjusted life years and a reduction of 
health care costs in Australia [345]. However, another study suggested that dietary 
behaviours may not be dependent only on pricing in the country [335]. Studies also found 
a minimal impact of soft drink taxes in reducing weight at the population level [346]. 
Therefore, it is important to consider available policy options that target dietary 
behaviours comprehensively for their impact at the population level, specifically in 
adults. Interventions targeted at increasing the consumption of diets rich in FV, nuts and 
seeds and whole grains, and decreasing intakes of sodium may have a notable additional 
contribution to reducing NCD burden [303, 327, 347]. Combined interventions, such as 
appropriate food labelling, tax legislation (e.g., minimizing taxes for vegetables, fruit and 
nuts and increasing taxes for sugary and salted food items), and increasing community 
awareness and knowledge of diets and their effects on health are likely to be more 
effective than individual interventions in improving dietary behaviours and reducing 
NCD burden [336, 344, 348-352]. In addition, the experience of a successful anti-
smoking intervention in Australia [353] could be replicated to improve dietary behaviours 




In Australia, the burden of diet-related NCDs has declined between 1990 and 2015 and 
its rank among OECD countries has improved over this time period. In addition to the 
potential impact of the modest reduction in consumption of unhealthy foods among the 
Australian population [50], the factors that drove the decline could be multifaceted, 
including decreases in age-standardized death (611 to 404 per 100,000) and DALY (20 
453 to 16,045 per 100,000) rates of NCDs [312], and increases in the relative contribution 
of other risk factors (for instance, alcohol and drug use) between 1990 and 2015 [297]. 
However, further study is warranted to clearly identify and quantify the drivers.  
As detailed and discussed in the GBD 2015 risk factors study, this study has important 
limitations [24, 297, 308]. Some of the most important limitations specific to this study 
are discussed below. For some of the dietary components, such as a diet low in whole 
grains, the data representativeness index was low, but it was high for overall dietary risks. 
However, 95% UIs of the estimates can provide the extent of available information for 
the overall and each of the dietary components. The absence of intervention studies on 
some of the dietary components, such as a diet high in SSBs, could produce residual 
confounding. Although exposure and effect size data were adjusted for study- and 
country-level relevant covariates and potential mediators, adjustments were not 
undertaken to account for interactions between dietary components and residual 
confounding could exist. Furthermore, the burden of sodium and SSBs was assessed using 
a different approach compared to other dietary risk factors and this may affect the 
comparability of disease burden estimates across the dietary components. The use of a 
universal effect size (relative risks) across countries for a given age-sex group could be 
another shortfall of this study because dietary risks could have a different effect on disease 
outcomes across different population subgroups. Relative risks were also not corrected 




In conclusion, notwithstanding these limitations, and the progress in reducing the diet-
related burden of NCDs in Australia, almost one-fifth of NCD mortalities and 42.3% of 
CVD deaths are still attributed to dietary risk factors. Although commendable gains have 
been made within the past 25 years, the continuing effect of dietary behaviours and the 
discrepancy between sexes will require strong national and local commitments. Except 
for sodium, the majority of NCD burden was attributable to a low intake of healthy diets 
than the high intake of unhealthy ones. There is a need to give priority to dietary 
behaviours with tailored approaches focusing on specific components of dietary risks—
diets low in FV, nuts and seeds and whole grains and high in sodium—and specific 
population subgroups (e.g., young males). Current and intended policy options to improve 
dietary behaviours in adults also need a careful consideration if they are meant to bring 
substantial impact. Multisectoral collaboration is also a key to improving dietary quality 
and eating behaviours. Considering the expansion and use of appropriate technology to 
improve dietary behaviours could be helpful in achieving the intended outcomes [354, 
355].  
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Studies on the association between dietary patterns and bone mineral density (BMD) have 
reported inconsistent findings. Data from the North West Adelaide Health Study, a 
population-based cohort study undertaken in Australia, were used to assess this 
association among adults aged 50 years and above. In this specific study, 1182 adults 
(545 males, 45.9%) had dietary data collected using a food frequency questionnaire and 
also had BMD measurements taken using Dual-energy X-ray absorptiometry. Factor 
analysis with PCA method was applied to ascertain dietary patterns. Two distinct dietary 
patterns were identified. Pattern 1 (‘prudent’ pattern) was characterised by high intake of 
fruit, vegetables, sugar, nut-based milk, fish, legumes and high-fibre bread. In contrast, 
pattern 2 (‘Western’ pattern) was characterised by high levels of processed and red meat, 
snacks, takeaway foods, jam, beer, soft drinks, white bread, poultry, potato with fat, high-
fat dairy products and eggs. Compared with the study participants in the first tertile (T1, 
lowest consumption) of the ‘prudent’ pattern, participants in the third tertile (T3) had a 
lower prevalence of low BMD (prevalence ratio (PR) = 0.52; 95% confidence interval 
(CI): 0.33, 0.83) after adjusting for sociodemographic, lifestyle and behavioural 
characteristics, chronic conditions and energy intake. Participants in T3 of the ‘Western’ 
pattern had a higher prevalence of low BMD (PR = 1.68; 95% CI: 1.02, 2.77) compared 
with those in T1. In contrast to the ‘Western’ diet, a dietary pattern characterised by high 
intake of FV and dairy products is positively associated with BMD. 







Bone is a dynamic tissue comprised of cellular, organic and inorganic components with 
a complex internal structure. Disruption of the balance between bone formation and 
resorption due to excessive production of osteoclasts or inadequate presence of 
osteoblasts leads to bone loss, and hence osteoporosis [12]. The level of osteoporosis is 
increasing worldwide, with more than 200 million people living with osteoporosis in 2010 
[14]. Despite underestimations in reports of osteoporosis prevalence [78], available 
epidemiological evidence has shown that the magnitude has increased in Australia. In 
2012, 3.3% (5.3% men and 1.2% women) of the general Australian population self-
reported that they had osteoporosis, which was double the estimate of 1.6% from the year 
2000. This figure was higher among those aged 50 years and above (15 and 3% in women 
and men, respectively) [71]. 
Determinants of osteoporosis are multifaceted and interlinked. Genetic, lifestyle, 
nutritional, medical disorders, medication use and metabolic (biological) risks are 
identified as major contributors for osteoporosis [97]. Evidence has demonstrated the 
importance of specific food items, nutrients and non-nutritive substances in maintaining 
BMD and preventing osteoporosis and osteoporotic fractures [143]. For instance, high 
consumption of soya [217] and dairy products [25] has been found to be important in the 
prevention of osteoporosis. Nutrients and non-nutritive substances, such as calcium [203], 
PUFA [165] and isoflavones [214], were also found to have an important role in the 
prevention of osteoporosis. 
Recent epidemiological studies have focused on the effect of the overall nature of food 
consumption habits on disease outcomes, instead of specific foods or nutrients [51]. This 
is because an outcome (disease) usually occurs as a result of natural interactions or 




nutrients. In line with this, new dietary analysis methods have been introduced. These 
methods are either a posteriori analyses (data-driven techniques), such as factor, PCA 
and cluster analysis, or a priori analyses, which include dietary indices or dietary scores. 
Most recently, RRR, which combines the above two, has also been used [356]. 
Studies have reported different patterns of diet that are associated with BMD [271, 357]. 
However, findings are inconsistent. For example, a study in South Korea among 
postmenopausal women showed a direct association between dairy-rich dietary patterns 
and BMD [271]. However, another study found no such association among Canadian 
women [357]. The effect of dietary patterns on BMD can also vary by communities as 
the food that is available in one location may not be found in others. Hence, tailored 
dietary patterns that are useful for optimal bone mass should be developed for specific 
groups/populations. 
In Australia, a few studies have explored the association between dietary patterns and 
BMD, and the available studies are generally conducted among children and young adults 
[157, 358]. The present study, therefore, aims to assess the association between dietary 
patterns and low BMD among adults aged 50 years and above in Australia. 
Methods 
Study design and population 
The NWAHS data were used for this analysis. The NWAHS recruited participants from 
the northern and ‘Western’ suburbs of Adelaide, South Australia. The region represents 
a third of the South Australian population and half of the metropolitan area of the city of 
Adelaide, and was established with the purpose of providing valid and reliable data on 




incorporates clinical, public health, social and biochemical data. Three stages of data 
collection have been conducted: 1999–2003, 2004–2006 and 2008–2010. Data were 
collected using a self-completed questionnaire, computer-assisted telephone interview 
and clinical assessments (CATI) [73]. 
Details on the objectives and methods of the NWAHS are published elsewhere [73]; 
however, in brief, the study participants were adults aged 18 years and above when first 
recruited. Random sampling was initially undertaken at the household level. All 
households that were not connected to a landline telephone were excluded from the 
sampling frame (using Electronic White Pages). At the time of recruitment (1999), 97.9% 
of households in South Australia were connected with a landline telephone [359]. 
Randomly selected households were screened for individuals aged 18 years and above. 
All these individuals were then invited to participate in the study. Those who could not 
communicate in English were excluded. At the initial stage, 4056 males and females 
participated. This study used BMD data collected from those aged 50 years and over as 
part of Stage 2 (2004–2006, n = 1588), and dietary data was collected as part of Stage 3 
(2008–2010, n = 2500). In total, 1182 adults (545 males, 45.9%) aged 50 years and above 
provided data related to BMD and nutrition. 
Dietary assessment and food groups 
Dietary intake was assessed using validated DQES-V3.1. The DQES-V3.1 was self-
completed and designed to assess intake over the preceding 12 months. Portion size was 
assessed using four questions and by calculating a single portion size factor, which helps 
in estimating a median-sized serving of food an individual eats [360]. The completed 
forms were sent to Cancer Council Victoria for analyses of total daily intakes of food 




Service, Canberra) food composition database. The amount of food items consumed per 
day was calculated in grams for each study participant. Food items were categorised into 
thirty-nine food groups [295]. Data on vitamin D and calcium supplementation were also 
collected. 
Assessment of other covariates  
Stage 2 covariates 
Sex, age and family history of osteoporosis were determined. Annual household income 
was categorised as follows: up to $20,000, $20,001–$40,000, $40,001–$60,000 and more 
than $60,000. Marital status was determined and categorised into married or living 
together with partner (in union), separated/divorced, widowed and never married. 
Alcohol intake risk was assessed using the frequency and number of standard drinks 
[361]. Smoking status was classified into non-smokers, ex-smokers and current smokers. 
Height and weight of the study participants were obtained to calculate the BMI. BMI was 
further classified on the basis of the WHO standard [362]. Identification of participants 
with diabetes was by either doctor-diagnosed self-report of diabetes or laboratory 
diagnosis using blood samples collected during the clinic visit, with diabetes defined as 
fasting plasma glucose ≥7.0 mmol/L. 
Assessment of leisure-time physical activity levels (PAL) was performed using the 
Australian NHS questions [363]. This was assessed considering the number of times a 
person exercised in the last 2 weeks and the total amount of time spent walking for 
exercise and performing moderate and vigorous exercise. Job-related PAL was also 
assessed from data related to occupation, which were obtained in Stage 1, by two 
occupational physicians based on the type of professions the study participants had. Both 




home duties were considered as sedentary or low PAL. Detailed methods of both PAL 
are published elsewhere [364]. Total number of medications prescribed over the past 6 
months (including for hypertension, high cholesterol, mental health problems, 
osteoporosis and asthma), menopausal status and sunlight exposure were also assessed at 
this stage. Data on medication use were obtained from pharmaceutical benefits scheme. 
Sunlight exposure was assessed using questions including average duration of direct 
sunlight exposure during winter and summer and timing (week day and weekend). 
Stage 3 covariates 
Health literacy was assessed using the Newest Vital Sign test tool [365]. For thirty-one 
cases with missing values, we used data collected with the short Test of Functional Health 
Literacy in Adults tool (sTOFHLA) [366]. Health literacy was classified as limited or 
adequate. 
Assessment of bone mineral density  
BMD of the whole body was measured using Prodigy and DPX+ DXA (GE Lunar) as 
part of the clinic visit at Stage 2. DXA was calibrated, and measurements were verified 
to check correct operation at the beginning of each scan day. Details of the DXA 
measurement procedures can be found elsewhere [367]. Participants were categorised 
into two groups using T–scores of BMD. Those who had T-scores of less than −1 were 
considered as osteopenic (between −1 and −2.5) or osteoporotic (less than or equal to –
2.5) [58] and were classified as having low BMD.  
Dietary and statistical analysis 
To evaluate dietary misreporting, the Goldberg method was used. In this method, the ratio 




To take account of variations in methods, the 95% CI of PAL was calculated. Both 
leisure-time and job-related PAL were considered in the calculation. Next, the ratio of 
EI:BMR was compared against the 95% CI of PAL. On the basis of the recommendation 
by Black et al., the following values for PAL were determined: sedentary = 1.4, light = 
1.6, medium = 1.8 and strenuous = 2. Individuals were classified as plausible if the ratio 
was in the CI range. However, if the ratio was below or above the 95% CI, it was classified 
as under-reported or over-reported, respectively [369]. 
To represent population-level dietary patterns, factor scores and dietary patterns were 
calculated and constructed among 2453 (forty-seven cases with considerable (>30) 
missing values were excluded) study participants who provided dietary information. Data 
reduction technique using factor analysis with PCA was used to identify dietary patterns 
out of the 39 food groups; two dietary patterns were determined on the basis of the scree 
plot, an eigenvalue (>1) and interpretability. To attain optimal structure and increase the 
interpretability of factors, varimax rotation was applied. Factor scores for each of the 
participants and factors were calculated as the sum of the products of factor loading 
coefficients, which was standardised by daily intake of each food item. Tertiles were 
constructed for each factor. Factor loadings are the correlation coefficients between 
factors (identified dietary patterns) and food groups. Factor loadings of each food group 
on each factor (dietary pattern) were graphically presented. Sample adequacy was 
checked using the Kaiser–Mayer–Olkin (KMO) test. 
Descriptive analysis of sociodemographic and lifestyle characteristics and chronic 
conditions was performed across the tertiles of the factors. Mean values and standard 
deviations (continuous and normally distributed variables), medians and interquartile 




calculated (categorical variables). Chi-square, Kruskal–Wallis tests and ANOVA were 
used to identify significant differences across different levels of dietary pattern scores. 
To assess the association between intake of different levels of dietary patterns and low 
BMD, Poisson regression models were used [370]. For dietary patterns, we developed 
four regression models in addition to the unadjusted model. The first model was adjusted 
for sex and age. Model two was additionally adjusted for socio-economic and lifestyle 
factors (smoking status, alcohol intake, marital status, income, health literacy and job-
related PAL). In addition to the variables in the second model, chronic conditions 
(diabetes mellitus, family history of osteoporosis and BMI) were adjusted in the third 
model. To assess whether the association between dietary patterns and outcomes was 
confounded by total EI, we additionally adjusted for EI in the fourth model. 
Subgroup analyses were performed to assess the association of dietary patterns with low 
BMD in various subgroups of the study participants. In the final models, multiplicative 
terms for each dietary pattern and each of the variables were used to assess the interaction 
in predicting low BMD. Missing data were identified across all variables. Except for 
leisure-time PAL, which had the highest number of missing values, others were imputed 
using data from the other stage of the study or were otherwise reported as ‘missing’. We 
did not impute leisure-time PAL in the analysis because the approaches used to assess the 
PAL at different stages were not the same, and it had a high number of missing values (n 
= 128). A sensitivity analysis was undertaken by including and excluding the missing 
values and variables, including season of birth and DXA measurement, leisure-time PAL, 
vitamin D and calcium supplementation, menopausal status, medication use and sunlight 
exposure, in the final models. All analyses were conducted using STATA/SE version 14.1 





A total of 1182 (45.9%, males) study participants provided dietary and BMD data and 
were included in the analysis. However, the total number of study participants in the 
multivariable analysis was 1066. Therefore, 116 (9.8%) cases had at least one missing 
value among the other covariates. Variables such as leisure time PAL (128, 10.8%) and 
health literacy (34, 2.9%) had the highest proportion of missing values (Table 5.1). 
Missing values of variables including smoking status (five cases), alcohol intake risk (39 
cases), diabetes (five cases), family history of osteoporosis (four cases) and marital status 







Table 5.1 Participants’ characteristics across tertiles of dietary patterns in adults 50 years and above, South Australia 








T1 T2 T3 T1 T2 T3 
N 1182 
395 396 391 395 396 391 
Sex†     <0.001    <0.001 
Male  543 (45.9) 232 (58.7) 156 (39.4) 155 (39.6)  116 (29.4) 174 (43.9) 253 (64.7)  















Income†     0.066    0.480 
Up to $20,000 363 (30.7) 137 (34.7) 114 (28.8) 112 (28.6)  134 (33.9) 123 (31.1) 106 (27.1)  
$20,001-$40,000 382 (32.3) 136 (34.4) 128 (32.3) 118 (30.2)  116 (29.4) 131 (33.1) 135 (34.5)  
$40,001-$60,000 206 (17.4) 62 (15.7) 74 (18.7) 70 (17.9)  65 (16.5) 67 (16.9) 74 (18.9)  
More than $60,000 215 (18.2) 56 (14.2) 73 (18.4) 86 (22.0)  70 (17.7) 72 (18.2) 73 (18.7)  
Missing  16 (1.4) 4 (1.0) 7 (1.8) 5 (1.3)  10 (2.5) 3 (0.8) 3 (0.8)  
Marital status†      0.062    0.041 
In union 783 (66.2) 246 (62.3) 274 (69.2) 263 (67.3)  240 (60.8) 275 (69.4) 268 (68.5)  
Separated/divorced/widowed 350 (29.6) 126 (31.9) 106 (26.8) 118 (30.2)  140 (35.4) 105 (26.5) 105 (26.9)  
Never married  45 (3.8) 22 (5.6) 14 (3.5) 9 (2.3)  14 (3.5) 14 (3.5) 17 (4.3)  
Missing  4 (0.3) 1 (0.3) 2 (0.5) 1 (0.3)  1 (0.3) 2 (0.5) 1 (0.3)  
Had family history of osteoporosis† 228 (19.3) 54 (13.7) 79 (19.9) 95 (24.3) 0.001 79 (20.0) 80 (20.2) 69 (17.6) 0.600 
Smoking†      <0.001    <0.001 
Non-smoker 583 (49.3) 172 (43.5) 207 (52.3) 204 (52.2)  213 (53.9) 196 (49.5) 174 (44.5)  
Ex-smoker 476 (40.3) 165 (41.8) 148 (37.4) 163 (41.7)  159 (40.3) 158 (39.9) 159 (40.7)  
Smoker  123 (10.4) 58 (14.7) 41 (10.4) 24 (6.1)  23 (5.8) 42 (10.6) 58 (14.8)  
Alcohol risk†      0.006    <0.001 
Non-drinkers (no risk) 628 (53.1) 231 (58.5) 191 (48.2) 206 (52.7)  186 (47.1) 207 (52.3) 235 (60.1)  
Low risk 493 (41.7) 138 (34.9) 183 (46.2) 172 (44.0)  192 (48.6) 175 (44.2) 126 (32.2)  
Intermediate to high risk 60 (5.1) 25 (6.3) 22 (5.6) 13 (3.3)  16 (4.1) 14 (3.5) 30 (7.7)  
Missing  1 (0.1) 1 (0.3) 0 (0.0) 0 (0.0)  1 (0.3) 0 (0.0) 0 (0.0)  
BMI (Kg/m2),  mean (SD) £ 28.2 (4.7) 28.4 (4.6) 28.3 (4.6) 27.9 (5.0) 0.330 28.2 (4.9) 28.1 (4.8) 28.3 (4.5) 0.930 
Had diabetes mellitus † 139 (11.8) 44 (11.1) 39 (9.8) 56 (14.3) 0.134 39 (9.9) 49 (12.4) 51 (13.0) 0.350 
 
Leisure time physical activity † 
















T1 T2 T3 T1 T2 T3 
N 1182 
395 396 391 395 396 391 
Sedentary to Low 667 (56.4) 238 (60.3)                229 (57.8) 200 (51.2)  225 (57.0)               224 (56.6) 218 (55.8)  
Moderate to high 387 (32.7) 110 (27.9)            126  (31.8) 151 (38.6)  128 (32.4)               123 (31.1) 136 (34.8)  
Missing  128 (10.8) 47 (11.9)                 41 (10.4) 40 (10.2)  42 (10.6)             49 (12.4)     37 (9.5)  
Job related physical activity level†     0.001    0.043 
Sedentary to low 689 (58.3) 201 (50.9) 241 (60.9) 247 (63.2)  247 (62.5) 223 (56.3) 219 (56.0)  
Moderate to high 472 (39.9) 189 (47.8) 147 (37.1) 136 (34.8)  136 (34.4) 168 (42.4) 168 (43.0)  
Missing  21 (1.8) 5 (1.3) 8 (2.0) 8 (2.0)  12 (3.0) 5 (1.3) 4 (1.0)  
Health literacy †     <0.001    0.300 
Limited  405 (34.3) 173 (43.8) 120 (30.3) 112 (28.6)  142 (35.9) 124 (31.3) 139 (35.5)  
Adequate  743 (62.9) 211 (53.4) 263 (66.4) 269 (68.8)  242 (61.3) 261 (65.9) 240 (61.4)  
Missing  34 (2.9) 11 (2.8) 13 (3.3) 10 (2.6)  11 (2.8) 11 (2.8) 12 (3.1)  















Protein (gram/day), mean (SD) £ 94.5 (33.0) 78.7 (24.1) 92.5 (26.4) 112.3 (40.5) <0.001 74.8 (22.3) 92.4 (21.8) 115.1 (40.7) <0.001 
Carbohydrate (gram/day), mean 
(SD) £ 
210.1 (93.1) 173.9 (69.0) 204.1 (90.4) 251.3 (99.9) <0.001 163.6 (66.3) 207.9 (94.4) 256.4 (88.9) <0.001 
Fat (gram/day), mean (SD) £ 88.5 (30.3) 81.2 (27.6) 85.4 (26.2) 99.0 (33.7) <0.001 70.0 (23.7) 85.2 (21.4) 109.4 (30.6) <0.001 
Vegetable (gram/day), mean (SD) £ 211.0 
(122.7) 




216.3 (123.0) 0.5474 










372.9 (278.3) <0.001 
Total BMD ( gm/cm2), mean (SD)£ 1.20 (0.12) 1.20 (0.12) 1.19 (0.12) 1.19 (0.12) 0.170 1.18 (0.12) 1.19 (0.11) 1.22 (0.12) <0.001 
T-score, mean (SD)£ 0.34 (1.32) 0.30 (1.30) 0.34 (1.35) 0.39 (1.31) 0.608 0.32 (1.37) 0.29 (1.28) 0.42 (1.31) 0.360 
Low BMD† 188 (15.9) 73 (18.5) 65 (16.4) 50 (12.8) 0.087 69 (17.5) 62 (15.7) 57 (14.6) 0.530 
Osteoporosis (T-score  ≤ -2.5) † 23 (2.0) 8 (2.0) 9 (2.3) 6 (1.5) 0.748 8 (2.0) 7 (1.8) 8 (2.1) 0.951 
† – Chi-square test; ¥ –  Kruskal-Wallis; £ – ANOVA – IQR-interquartile range; BMD – bone mineral density; BMI – body mass index; SD – standard deviation; T1 – tertile 1 






The median age of the participants at the second stage of assessment was 62 years 
(interquartile range 56.0, 69.0). Almost half (47.7%) of the study participants reported a 
household income between $20,001 and $60,000. More than two-thirds (779, 65.9%) of 
the study participants were married or living with a partner (Table 5.1).  
Dietary patterns and characteristics of study participants  
Assessment of dietary misreporting showed that only 7 (0.6%) participants had under-
reporting (2) or over-reporting (5) of EI. We identified two dietary patterns. These 
patterns explained a total of 17.0% variance in total food intake (10.3% in the first and 
6.7% in the second patterns). 
Figure 5.1 shows the factor loadings for each pattern. Pattern 1 (‘prudent’ pattern) was 
characterised by high intake of FV, sugar, nut-based milk, fish, legumes and high-fibre 
bread. In contrast, pattern 2 (‘Western’ pattern) was high in processed and red meat, 
snacks, takeaway foods, jam, vegemite (a brewers’ yeast extract commonly used as a 
spread in Australia), beer, soft drinks, white bread, poultry, potato with fat, high-fat dairy 
and eggs. Cross-loading (factor loading >0.30 in each pattern) was found for sugar, tea 





















Figure 5.1 Factor loadings for two food patterns among adults aged 50 years and 
above, South Australia (n = 2453) 
Sociodemographic characteristics, chronic conditions, EI and BMD across intake levels 
of the two dietary patterns are shown in Table 5.1. The overall prevalence of low BMD 
and osteoporosis was 15.9 (12.7% in men and 18.6% in women) and 2.0%, respectively. 
More than half (53.1%) of the study participants had no risk of harm from alcohol. The 
mean BMI was 28.2 (SD = 4.7) kg/m2. The prevalence of diabetes mellitus was 11.8%. 
The mean whole-body BMD was 1.20 (SD = 0.12) g/cm2. Family history of osteoporosis 























































































was reported in 19.3% of the participants, with almost a quarter (24.0%) of study 
participants in the third tertile (T3) of the ‘prudent’ pattern having a family history of 
osteoporosis compared with 13.7% in the first tertile (T1). More than two-thirds (68.8%) 
of participants in T3 of the ‘prudent’ pattern had adequate health literacy. 
There were significant differences in dietary pattern intake by sex, smoking status, 
alcohol intake risk and job-related PAL. A significant difference in energy, protein, fat, 
carbohydrate and fruit intakes was found across the tertiles of both dietary patterns. 
Vegetable intake was significantly different across tertiles of the ‘prudent’ pattern but not 
the ‘Western’ pattern. In addition, family history of osteoporosis (P < 0.001) and health 
literacy (P < 0.001) had crude, significant, positive associations with different levels of 
the ‘prudent’ dietary intake. Total BMD (P < 0.001) had crude, significant, positive 
associations with tertiles of the ‘Western’ dietary pattern. 
Dietary patterns and bone mineral density 
The prevalence of low BMD was 18.5%, 16.4% and 12.8% across tertiles of the ‘prudent’ 
dietary pattern and 17.5%, 15.7% and 14.6% across the tertiles of the ‘Western’ pattern. 
In the univariate regression analysis, those in T3 of the ‘prudent’ pattern had a low 
prevalence ratio (PR) of low BMD (PR = 0.69; 95% confidence interval (CI): 0.48, 0.99) 
compared with those in T1. There was no crude significant association between ‘Western’ 
pattern and low BMD (Table 5.2). 
Significant inverse associations between ‘prudent’ pattern and low BMD were observed 
in multivariable regression models (Table 5.2). After adjustment for sociodemographic 
and lifestyle factors, chronic conditions and EI, participants in T3 had a significantly 
lower prevalence of low BMD (PR = 0.52; 95% CI: 0.33, 0.83) compared with those in 




after adjusting for sociodemographic, lifestyle and chronic condition covariates. 
However, after adjustment for EI, the study participants in T3 were 68% more likely to 







Table 5.2 Prevalence ratio [95% confidence interval (CI)] for the association between tertiles of food patterns and low bone mineral density 
among adults 50 years and above, South Australia (n = 1066) 
 ‘Prudent’ pattern  ‘Western’ pattern  
T1 T2 T3 P-trend T1 T2 T3 P-trend 
Crude  1.00 0.89(0.64, 1.24) 0.69(0.48, 0.99)* 0.046 1.00 0.90(0.64, 1.26) 0.84(0.59, 1.19) 0.310 
Model 1  1.00 0.85(0.61, 1.19) 0.69(0.48, 0.99)* 0.046 1.00 0.99(0.70, 1.40) 1.00(0.69, 1.43) 0.974 
Model 2 1.00 0.86(0.60, 1.24) 0.66(0.45, 0.98)* 0.038 1.00 1.05(0.73, 1.51) 1.01(0.69, 1.48) 0.952 
Model 3 1.00 0.82(0.57, 1.17) 0.53(0.36, 0.79)** 0.002 1.00 0.99(0.69, 1.43) 1.01(0.68, 1.48) 0.975 
Model 4 1.00 0.79(0.54, 1.17) 0.52(0.33, 0.83)** 0.006 1.00 1.26(0.84, 1.89) 1.68(1.02, 2.77)* 0.044 
*P < 0.05;**P < 0.01; T1 – tertile 1 (lowest adherence); T2 – tertile 2; T3 – tertile 3 (highest adherence) 
Model 1: adjusted for sex and age  
Model 2: additionally adjusted for socio-economic and life style factors (smoking, alcohol intake (no risk, low risk, medium/very high risk), marital status, income, health 
literacy, leisure time and job related physical activity levels) 
Model 3: additionally adjusted for chronic conditions (diabetes mellitus, family history of osteoporosis and body mass index (continuous)) 
Model 4: additionally adjusted for energy intake (continuous) 







We further conducted two sensitivity analyses: (1) by adjusting for season of birth, DXA 
measurement, vitamin D and Ca supplementation, total number of medications 
prescribed, sunlight exposure, menopausal status and leisure-time PAL in the final 
models; and (2) by excluding the missing values of covariates. The association between 
dietary patterns and low BMD remained in both sensitivity analyses (data not shown). 
Interaction was examined between dietary patterns and sociodemographic and lifestyle 




















Figure 5.2 Subgroup analysis of the association of third tertiles (highest intake) of ‘prudent’ (left) and ‘Western’ (right) dietary patterns 
with low BMD among adults 50 years and above, South Australia.  
[PAL – physical activity level; PR – prevalence ratio (adjusted); Sep/div/wid – separated or divorced or widowed. The first tertiles of pattern scores (lowest intake of ‘prudent’ 





In this study, we identified dietary patterns and the association with low BMD among 
adults aged 50 years and over. We identified two major dietary patterns: a ‘prudent’ 
(healthy) pattern characterised by a high intake of FV, fish, medium-fat dairy products, 
nut-based milk, high-fibre bread and legumes and a ‘Western’ pattern characterised by a 
high consumption of processed and red meat, fast foods (snacks and takeaway foods), 
soft drinks, white bread and high-fat dairy products. A significant inverse association 
between ‘prudent’ pattern and low BMD was observed. In contrast, a positive association 
between ‘Western’ pattern and low BMD was found. 
The finding that the ‘prudent’ pattern was inversely associated with low BMD is 
consistent with previous studies [275, 286]. The Rotterdam Study in the Netherlands 
reported that a diet with a high intake of FV, fish, wholegrains, legumes/beans and dairy 
products was positively associated with BMD [275]. Among Korean adults, a positive 
association between a food pattern characterised by high dairy products, fruits and 
wholegrains and BMD was found [286]. It may be that the ‘prudent’ pattern prevents low 
BMD because of a large number of food groups within this pattern having high nutrient 
constituents, such as dairy products [213] and fish [227], and low energy [157], which 
play an important role in bone mass. 
The ‘prudent’ pattern was also characterised by a high intake of dairy products. A study 
among postmenopausal women found that a high intake of milk and dairy products 
reduced the risk of osteoporosis [288]. Dairy products contain good sources of protein 
and calcium. Furthermore, the nutrient density of protein, calcium, magnesium, 
potassium, zinc and phosphorous is higher than any other food. Vitamins, calcium and 




addition, flavonoids in soyabeans, particularly isoflavones, mimic oestrogenic activity 
and are believed to have an effect in maintaining bone health and in preventing 
osteoporosis in elderly women [214]. 
A high consumption of FV was also the characteristic of the ‘prudent’ pattern. FV are 
comprised of nutrients and non-nutritive substances, such as vitamin potassium, 
magnesium, polyphenols and phyto-oestrogens, which are important for bone metabolism 
[260]. Moreover, FV have an alkaline effect due to magnesium and potassium, which 
buffers the acidic condition that causes bone resorption [269]. However, it has been 
proposed that the effect of FV on bone mass is not due to its buffering nature but rather 
because of the nutrients (e.g. calcium and vitamin C) they contain [263]. Current evidence 
regarding the role of FV in bone health is inconsistent [35, 143]. The extent of the 
association between ‘prudent’ pattern and BMD, due to high intake of FV, requires further 
investigation and so does the mechanism of action. Nonetheless, public health efforts 
should target increasing the consumption of FV. In South Australia, the proportion of the 
population consuming the recommended level of FV (consuming ≥5 vegetable servings 
and/or ≥2 fruit servings/d) has been consistently approximately 50% over the past 10 
years, among middle-age and ageing people [330]. 
Although there were no significant interactions between the ‘prudent’ pattern and the 
sociodemographic and lifestyle factors in our subgroup analysis, the associations were 
stronger in certain groups. For instance, in the subgroup of participants who had a family 
history of osteoporosis, those in T3 of the ‘prudent’ pattern were found to have 
significantly lower PR (71% reduction in PR) of low BMD compared with those in T1. 
The direction of the association in those who had no family history was also similar, 




significant. We also found that the proportion of study participants who had a family 
history of osteoporosis and adequate health literacy significantly increased across the 
tertiles of the ‘prudent’ pattern. Thus, the PR difference between those who had and did 
not have a family history could be explained by the fact that those who had a family 
history were aware of their susceptibility to low BMD and reduced the risk by following 
healthy dietary patterns. 
In this study, our analysis showed a significant positive association between ‘Western’ 
pattern and low BMD. This was observed after adjustment for all the covariates and EI, 
showing that the association was independent of EI, which could have arisen from 
differences in body size, physical activity and metabolic efficiency [40]. The association 
in different subgroups was also consistent with low BMD. Consistent positive 
associations between similar dietary patterns and low BMD have been reported in 
previous studies [157, 254]. Food items (such as soft drinks) in the ‘Western’ pattern are 
characterised by low content of important nutrients such as calcium and high levels of 
energy content and phosphorus, resulting in low serum calcium, which causes bone 
resorption [239]. In addition, evidence shows that high EI is also an important factor in 
the homoeostasis of nutrients (particularly macrominerals), resulting in reduced BMD 
[248]. 
It is important to recognise some of the important limitations of this study: one of these 
is the time lapse between collection of dietary and DXA information. Although dietary 
data were collected between 2008 and 2010, BMD using DXA was determined between 
2004 and 2006 with a 4.3-year median difference (minimum = 2.8 and maximum = 6.1 
years). Between these years, eating behaviours of the study participants could have 




been found to be stable over years [371], individuals diagnosed with chronic diseases may 
change their diet towards a healthy one, and this may result in an underestimation of 
association estimates. In addition, although studies on the effect of retirement on food 
habits are limited [372], the available evidence shows that more healthy food habits are 
likely to be developed among women while it remains similar for men [373]. In our study, 
a total of 175 (14.8%; 44.9% men and 55.1% women) participants retired between the 
two stages of assessment, which could potentially cause an underestimation of the inverse 
association between ‘prudent’ dietary pattern and low BMD. 
Although FFQ have limitations in providing valid dietary information, they are widely 
used to measure the usual dietary exposures and behaviours [374]. To evaluate the 
robustness of the dietary data, analysis of dietary misreporting was also conducted to 
identify misreporting. Furthermore, the dietary analysis we conducted was for a large 
population group, which can represent the consumption behaviour of the community over 
time [375]. Another potential limitation of this study is the number of cases with missing 
values of covariates and exclusion of leisure-time PAL from the analysis. However, 
sensitivity analyses with imputed and excluded covariates suggested that the findings 
remained similar. 
In conclusion, to the best of our knowledge, this is the first study that assessed the 
association between dietary patterns and BMD among Australians aged 50 years and 
above. In this community-based study, we found that a dietary pattern characterised by 
high intakes of FV, medium-fat dairy products and fish was associated with higher BMD. 
A dietary pattern characterised by high intakes of processed and red meat, fast foods 
(snacks and takeaway foods), soft drinks, white bread and high-fat dairy products was 
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Background and aim 
There is limited evidence on the link between the overall nutrients intake from diet and 
bone mineral density (BMD). We assessed the association between nutrient patterns and 
BMD among an ageing Australian population. 
Methods 
Participants (n = 1135; males, 45.8%; median age, 62.0 years) with dietary and BMD data 
in the North West Adelaide Health Study were included. Dietary intake was assessed 
using a food frequency questionnaire. BMD was measured using Dual-energy X-ray 
absorptiometry. Nutrient patterns were identified by factor analysis. Linear regression 
analyses were conducted to assess the association between nutrient patterns and BMD 
(mg/cm2). Multiple imputation and sensitivity analyses were conducted to investigate the 
effect of missing data on the estimates. 
Results 
Three nutrient patterns (mixed-source [potassium, calcium, fibre, retinol and Vitamin 
B12], animal-sourced [cholesterol, protein, Vitamin B12 and fat] and plant-sourced [fibre, 
carotene, vitamin C and Lutein]) were identified. After adjusting for sociodemographic, 
lifestyle and behavioural characteristics, chronic conditions and energy intake, animal 
(β = −4.07; 95% confidence interval (CI): −11.89, 3.76) and plant-sourced (β = −0.99; 
95% CI: −7.43, 5.45) patterns were not associated with BMD. However, we found that 
the mixed-source pattern was positively associated with BMD (β = 10.86; 95% CI: 1.91, 
19.80). We did not find interactions between the pattern, other covariates and BMD. The 




patterns of association between nutrient patterns and BMD. 
Conclusions 
Whereas animal- and plant-sourced nutrient patterns are not associated with BMD, 


















Studies have focused on individual food items and nutrients to investigate their impact on 
bone mass and fracture risks [202, 248, 376, 377]. However, in recent years, interest has 
grown to determine the combined effect of the whole diet and nutrients that are consumed 
on bone mass [205, 378] and risk of fractures [204]. In this regard, evidence suggests that 
particular dietary patterns have effect on bone mass [209, 288] and fracture risks [204]. 
For instance, there is a growing evidence that shows a dietary pattern characterized by a 
high intake of FV, whole grains and dairy products benefits the maintenance of bone mass 
in adults [209, 281, 378]. Identifying dietary patterns that consider the overall eating 
habits, rather than focussing on individual foods, better reflects the complexity of dietary 
intakes and helps to understand the combined effect of diet components. 
Previous studies have also focused on assessing the impact of individual nutrients on bone 
mass [379, 380] and fracture risks [381, 382]. The Framingham Study demonstrated the 
importance and role of PUFA in maintaining bone mass [161]. Other studies have also 
demonstrated the association between particular nutrients, such as protein [380], 
phosphorous [191], magnesium [383] and potassium [384], and bone mass and fracture 
risks. These studies however assessed the link between a single nutrient or few nutrients 
and bone mass/fracture risks without considering other nutrients that could have had a 
potential role. 
People do not consume individual nutrients, rather a mixture of multiple nutrients. In 
addition, investigating a single nutrient does not consider the antagonist, additive and 
synergistic effects of nutrients. Therefore, assessing the combined effect of nutrients, 
taking into account the whole intake pattern, is important in order to address these effects. 




patterns) on chronic inflammation [385], cancer [386, 387] and obesity [388]. These 
studies demonstrated the importance of identifying nutrient patterns and their associations 
with disease outcomes. 
Assessment of associations between nutrient patterns and bone mass, in particular, is 
important because bone metabolism and structure depends on a diverse range of nutrients. 
Furthermore, identifying nutrient patterns that are associated with bone mass will allow 
mapping of particular nutrient combinations that could have a substantial influence. 
Previous studies have assessed the association of nutrient patterns with bone mass in post-
menopausal women [205] and self-reported fracture risk [94], but the limitations of these 
studies do not allow for firm conclusions. Therefore, this study aimed to identify nutrient 
patterns and investigate their associations with BMD in an ageing population. 
2. Methods 
2.1. Study design and population 
We used data from the NWAHS, which is a community-based follow-up investigation 
with the purpose of providing social, behavioural, clinical and biomedical data. Details 
of the study are published elsewhere [378, 389]. In brief, three stages of data collections 
were undertaken—each occurred approximately five years apart (1999–2003, 2004–2006 
and 2008–2010). Initially, households from the northern and ‘Western’ part of Adelaide 
city (South Australia) which were connected to a landline telephone were randomly 
selected using Electronic White Pages. Individuals residing in the selected household and 
aged 18 years were candidates for study participation. With the exception of health 
literacy and nutrient data (assessed at Stage 3), all other measurements used in this study 




were invited to undergo an assessment of BMD by DXA; 1588 undertook the 
measurement. At Stage 3, 2500 study participants had dietary assessment, of which 2364 
had complete nutrient data. Both dietary and BMD data were available for 1135 study 
participants aged 50 years and over (Figure 6.1). Ethics approval was provided by Ethics 
of Human Research Committee of The Queen Elizabeth Hospital, Adelaide, South 


















Figure 6.1 Sample description 
2.2. Dietary and nutrient intake assessments 
At Stage 3, dietary intake was assessed using a paper-based validated DQES-V3.1 [390]. 
The questionnaire assesses intake of 167 foods and beverages with 10 frequency 
categories over the previous 12 months. Portion sizes were illustrated using photographs 
of six foods. Nutrient intakes were calculated from the dietary data using NUTTAB95 




from supplements (vitamin D) was not considered as part of the factor analysis because 
limited information was collected (i.e. only categorical response (yes/no) without dose). 
2.3. Other measurements 
Details of social, behavioural, clinical and biochemical assessment methods are described 
elsewhere [367, 378, 389]. In summary, a self-report questionnaire, clinic visits, as well 
as a CATI were used to collect the data. At Stage 2, participants' sociodemographic (sex, 
age, income, and marital status) and behavioural characteristics PAL, alcohol risk, 
smoking and sun light exposure), biomedical (family history of osteoporosis, diabetes, 
weight, height and BMD) data were collected. Income was categorized as $20,000, 
$20,001–$40,000, $40,001–$60,000 and more than $60,000. Marital status was classified 
as married/living with partner and single/separated/widowed/divorced. Leisure PAL was 
determined using Australian NHS questions [71]. Detailed methods of PAL are published 
elsewhere [364]. Job-related PAL was determined and coded based on the type of 
occupation of participants by two occupational physicians. Both PALs were categorized 
sedentary/low and moderate/high for each study participant. Diabetes cases were either 
doctor-diagnosed self-reported or diagnosed during the clinic visit (fasting plasma 
glucose ≥7.0 mmol/L). The total number of medications prescribed in the past 6 months 
was obtained from the pharmaceutical benefits scheme. Menopausal status was defined 
as not having menstruation for 12 months or more preceding the data collection. 
BMD was assessed using Prodigy and DPX+ DXA (GE Lunar) as part of the clinic visit 
at Stage 2. BMD was measured in g/cm2, however, we converted to mg/cm2 (i.e. 1 
g/cm2 = 1000 mg/cm2) in the current analysis. Osteopenia and osteoporosis were based 
on T-scores;  ≤ −1 and > −2.5 and ≤ −2.5, respectively [58]. 




3. Data on health literacy were collected using Newest Vital Sign test tool [365] and 
categorized into limited and adequate. 
2.4. Statistical analyses 
2.4.1. Identification of nutrient patterns 
Factor analysis was used to identify nutrient patterns using 33 nutrients that were collated 
from all measured nutrients. The analysis was performed for 2364 study participants to 
reflect the nutrient patterns of the whole study population at large. Orthogonal (varimax) 
rotation was used to reduce the correlation between the factors, attain optimal structure 
and increase interpretability. An eigenvalue >1, scree plot and interpretability were used 
to determine the number of factors. Factor loadings of the nutrients in each factors were 
calculated. For each participant and factor, we computed factor scores by summing the 
products of factor loading coefficients and standardizing it by the daily intake of each 
nutrient. Tertiles of each dietary pattern were constructed based on the factor scores of 
study participants. Names were given to each of the nutrient patterns based on the highest 
nutrient groups loading. 
2.4.2. Data analyses 
Data were summarized using means and standard deviations (for continuous normally 
distributed variables), medians and interquartile ranges (for continuous non-normally 
distributed variables) and proportions (for categorical variables). The chi-square test and 
ANOVA were used to compare differences between groups for categorical and 
continuous variables, respectively. The Kruskal–Wallis test was used for variables which 
were continuous but not normally distributed. 




scores (continuous variable) and BMD. In addition to the crude model, four additional 
multivariable models were developed. Model 1 was adjusted for age and sex; model 2 
was additionally adjusted for other socio-economic behavioural factors (marital status, 
income, job related and leisure time PAL levels, smoking, alcohol intake and health 
literacy); model 3 was additionally adjusted for chronic conditions (diabetes mellitus, 
family history of osteoporosis, and body-mass index). The final model (model 4) was 
additionally adjusted for total energy intake. 
Subgroup analyses were conducted to investigate the association between nutrient 
patterns and BMD in different subgroups. To assess interactions between nutrient 
patterns, BMD and other sociodemographic, behavioural and chronic conditions, the 
multiplicative terms of the factor scores (continuous variable) for the patterns and the 
covariates were used. We conducted four sensitivity analyses to assess the robustness of 
the results in model 4: 1) by labelling missing values of covariates as “missing” and 
including in the model; 2) by including and excluding some of the covariates that can 
potentially affect the outcome variables (medication use, dietary supplementation 
(vitamin D), sunlight exposure and menopausal status); 3) since there was time gap 
between DXA measure and dietary assessment, we dichotomized the study participants 
below and above the median time between assessments (those with early assessment, that 
is the 50% of the participants who had dietary information prior to and including the 
median time] and those with late assessment [the remaining 50% of the participants]). We 
then undertook a linear regression model for both groups separately to investigate this 
effect of the time difference on the association; 4) by performing multiple imputation on 
the covariates with missing values using the Markov chain Monte Carlo (MCMC) 
method. All the analyses were conducted using STATA 14.1 (Stata Corporation, College 





Of the 1135 study participants, 341 (30.0%) had at least one missing value of the 
covariates. Variables such as job related PAL (125, 11.0%), leisure time PAL (122, 
10.7%), health literacy (61, 5.4%), income (58, 5.1%) and alcohol risk (36, 3.2%) had 
higher proportion of missing values. Missing values for marital status (8) and family 
history of osteoporosis (4) were also identified (Table 6.1). We conducted multivariable 
analysis for the 794 participants that had complete values for all variables. We then used 
multiple imputation to assign values for all missing values of the covariates (n = 341). 
Table 6.1 presents the characteristics of study participants by sex. The median age of the 
participants was 62.0 years (interquartile range = 56.0, 69.0). More than half (615, 54.2%) 
of the participants were females and 56.7% of the participants had low leisure time PAL. 
Almost one-fifth (18.9%) of the participants had a family history of osteoporosis. The 
prevalence of osteopenia and osteoporosis was 14.3% and 1.9%, respectively. The mean 








Table 6.1 Sociodemographic, lifestyle, behavioural and chronic diseases related 
characteristics of study participants aged 50 years and over, the North West 
Adelaide Health Study (n = 1135) 
Characteristics Total Male Female P value 
 1135 520 (45.8%) 615 (54.2%)  
Age in years, median (IQR)* 





Marital status¥     
Married/partnered 746 (65.7%) 363 (69.8%) 383 (62.3%) 0.007 
Single/separated/widowed/divorced 381 (33.6%) 153 (29.4%) 228 (37.1%)  
Missing 8 (0.7%) 4 (0.8%) 4 (0.7%)  
Annual household gross income¥     
Up to $20,000 335 (29.5%) 122 (23.5%) 213 (34.6%) <0.001 
$20,001-$40,000 348 (30.7%) 168 (32.3%) 180 (29.3%)  
$40,001-$60,000 195 (17.2%) 104 (20.0%) 91 (14.8%)  
More than $60,000 199 (17.5%) 104 (20.0%) 95 (15.4%)  
Missing 58 (5.1%) 22 (4.2%) 36 (5.9%)  
Job related physical activity level ¥     
Low 558 (49.2%) 226 (43.5%) 332 (54.0%) <0.001 
Moderate to high 452 (39.8%) 285 (54.8%) 167 (27.2%)  
Missing 125 (11.0%) 9 (1.7%) 116 (18.9%)  
Leisure time physical activity level ¥     
Low 643 (56.7%) 268 (51.5%) 375 (61.0%) 0.010 
Moderate to high 370 (32.6%) 185 (35.6%) 185 (30.1%)  
Missing 122 (10.7%) 67 (12.9%) 55 (8.9%)  
Health literacy¥ (Stage 3)     
Limited 384 (33.8%) 187 (36.0%) 197 (32.0%) 0.140 
Adequate 690 (60.8%) 304 (58.5%) 386 (62.8%)  
Missing 61 (5.4%) 29 (5.6%) 32 (5.2%)  
Alcohol risk¥     
Non-drinker/low 1039 (91.5%) 470 (90.4%) 569 (92.5%) 0.006 
Moderate to high 60 (5.3%) 38 (7.3%) 22 (3.6%)  
Missing 36 (3.2%) 12 (2.3%) 24 (3.9%)  
Smoking¥     
Non-smoker 566 (49.9%) 205 (39.4%) 361 (58.7%) <0.001 
Ex-smoker/current smoker 564 (49.7%) 312 (60.0%) 252 (41.0%)  
Missing 5 (0.4%) 3 (0.6%) 2 (0.3%)  
Sunlight exposure (hours/week), median 





Menopause (women, n = 615)     
Yes  N/A 555 (90.2%) N/A 
No   48 (7.8%)  
Missing    12 (2.0%)  
Family history of osteoporosis¥     
Yes 215 (18.9%) 61 (11.7%) 154 (25.0%) <0.001 
No 916 (80.7%) 457 (87.9%) 459 (74.6%)  
Missing 4 (0.4%) 2 (0.4%) 2 (0.3%)  
Had diabetes¥     
Yes 68 (6.0%) 45 (8.7%) 23 (3.7%) <0.001 
No 1066 (93.9%) 475 (91.3%) 591 (96.1%)  
Missing 1 (0.1%) 0 (0.0%) 1 (0.2%)  
Body mass index (kg/m2), mean (SD) # 28.2 (4.8) 28.1 (3.9) 28.2 (5.4) 0.720 
Took vitamin D supplement¥ (Stage 3)     
Yes 87 (7.7%) 21 (4.0%) 66 (10.7%) <0.001 
No 1048 (92.3%) 499 (96.0%) 549 (89.3%)  
Osteopenia¥     




Characteristics Total Male Female P value 
 1135 520 (45.8%) 615 (54.2%)  
No 972 (85.6%) 462 (88.8%) 510 (82.9%)  
Missing 1 (0.1%) 0 (0.0%) 1 (0.2%)  
Osteoporosis¥     
Yes 22 (1.9%) 11 (2.1%) 11 (1.8%) 0.690 
No 1112 (98.0%) 509 (97.9%) 603 (98.0%)  
Missing 1 (0.1%) 0 (0.0%) 1 (0.2%)  
BMD (mg/cm2), mean (SD) (n = 1135) # 1196 (119) 1255 (103) 1146 (109) <0.001 
T-score, mean (SD) (n = 1135)# 0.35 (1.33) 0.44 (1.28) 0.27 (1.35) 0.035 
* – Wilcoxon rank-sum test; ¥ – chi-square test; # – Two sample t test; BMD – bone mineral density; N/A 




3.1. Nutrient patterns 
We identified three nutrient patterns–mixed-source, animal- and plant-sourced. Overall, 
these patterns explained 62.7% of the variance in the total nutrient intake (26.0%, 23.5% 
and 13.2%, respectively). Figure 6.2 shows the factor loadings for each pattern. The plant 
sourced pattern was characterized by high intakes of potassium, fibre, carotene, lutein and 
zeaxanthin and vitamin C. The animal-sourced pattern was characterized by high levels 
of palmitoleic acid, cholesterol, PUFA, protein, vitamin B12, saturated and 
monounsaturated fats, zinc and retinol. The mixed-source pattern was characterized by a 
high intake of both animal- and plant-sourced nutrients, including phosphorous, 
potassium, calcium, niacin, starch and dextrins, vitamin B1, B2, B3, B7 and B12, fibre, 
protein and retinol. 
3.2. Participants' characteristics and nutrient and food intake across tertiles of 
nutrient patterns 
The proportion of study participants who had moderate to high leisure time PAL increased 
across the tertiles of the mixed-source pattern (P = 0.034). Across the plant-sourced 
pattern, there was a significant decrease in median age (P = 0.005) and the proportion of 
participants who had moderate or high job related PAL and limited health literacy 
decreased across tertiles of this pattern (P < 0.001) (Supplementary Table 6.1). Nutrient 
and food intake across tertiles of each nutrient pattern are presented in Table 6.2 and 
Supplementary Table 6.2. The mean (SD) energy intake was 8671 kJ (2615.8) overall, 
and varied significantly across the tertiles of the nutrient patterns (Supplementary Table 
6.3). More specifically, the overall average protein intake was 94.5 g/d and there was a 
significant increase across tertiles of the mixed-source nutrient pattern. There was also a 




magnesium, phosphorous, vitamins C, B7 and B12 and fibre across tertiles of the mixed-
pattern (P < 0.001). Intake levels of dairy, fruits, high fibre bread, fruity and root 
vegetables (P < 0.001) and legumes (P < 0.004) also significantly increased across the 
tertiles of the mixed-source pattern. 
Nutrients 
Mixed-source Animal-sourced Plant-sourced 
Factor loadings 
Phosphorous 0.78 0.44 0.26 
Potassium 0.77 0.21 0.48 
Niacin (vitamin B3) 0.76 0.40 0.24 
Starch & dextrins 0.76 0.09 0.16 
Riboflavin (vitamin B2) 0.73 0.31 0.09 
Magnesium  0.72 0.19 0.33 
Calcium 0.72 0.29 0.05 
Folate 0.71 0.12 0.24 
Fibre 0.67 0.08 0.62 
Iron 0.67 0.40 0.41 
Sugar 0.64 0.27 0.22 
Iodine 0.63 0.41 -0.17 
Biotin (vitamin B7) 0.62 0.26 0.34 
Thiamine (vitamin B1) 0.55 0.17 0.12 
Palmitoleic acid 0.23 0.88 0.18 
Cholesterol 0.21 0.86 0.07 
Omega-6 0.07 0.84 0.14 
Protein 0.48 0.78 0.26 
Cobalamin (vitamin B12) 0.27 0.77 -0.07 
Saturated fat 0.45 0.70 -0.04 
Monounsaturated fat 0.30 0.70 0.21 
Zinc 0.47 0.70 0.23 
Vitamin D 0.25 0.63 -0.04 
Sodium 0.57 0.61 0.18 
Retinol 0.47 0.56 -0.20 
Omega-3 -0.02 0.54 0.32 
Vitamin E 0.28 0.53 0.44 
Beta-carotene 0.20 0.06 0.86 
Lutein and zeaxanthin 0.05 0.07 0.71 
Vitamin C 0.23 0.08 0.71 
Alpha-carotene 0.14 -0.06 0.68 
Lycopene 0.22 0.25 0.39 
Pyridoxine 0.14 0.19 0.24 
Figure 6.2 Nutrient patterns and factor loadings (correlations) of nutrients among adults 
aged 50 years and above (n = 2364), the North West Adelaide Health Study 
[The colour gradation reflects how large and in which direction the correlation was between the nutrients 
and the nutrient patterns. Deep green colour refers relatively a higher correlation (a higher intake) of the 
nutrients with the corresponding pattern. Deep red refers to relatively a lower correlation (a lower intake) 









Table 6.2 Mean (SD) of selected food and nutrient intake across tertiles of nutrient pattern scores among adults aged 50 years and over, 
the North West Adelaide Health Study (n = 1135) 
 
  Mixed-source Animal-sourced  
Total T1 T2 T3 P value T1 T2 T3 P value 
N 1135 379 378 378   379 378 378  
 Mean (SD) 
Nutrients           
Protein (g/d) 94.5 (34.0) 78.5 (30.9) 92.2 (31.2) 112.8 (30.8) <0.001 74.1 (23.0) 90.3 (18.0) 119.0 (39.8) <0.001 
Vitamin D (mcg/d) 3.49 (2.02) 
 2.96 (1.83) 3.40 (1.95) 4.11 (2.10) <0.001 2.21 (1.10) 3.30 (1.38) 4.97 (2.29) <0.001 
Calcium (mg/d) 879 (329) 607 (202) 878 (240) 1151 (281) <0.001 793 (336) 864 (296) 980 (327) <0.001 
Magnesium (mg/d) 450 (161) 339 (108) 442 (120) 570 (159) <0.001 431 (178) 436 (142) 483 (157) <0.001 
Phosphorous (mg/d) 1607 (578) 1212 (385) 1550 (390) 2061 (581) <0.001 1406 (651) 1538 (403) 1878 (547) <0.001 
Potassium (mg/d) 3919 (1452) 2981 (912) 3768 (961) 5011 (1576) <0.001 3772 (1791) 3738 (1118) 4248 (1309) <0.001 
Omega-3 579 (487) 589 (519) 567 (514) 581 (421) 0.810 352 (240) 545 (302) 841 (665) <0.001 
Omega-6 246 (144) 243 (142) 233 (149) 263 (141) 0.018 157 (63) 231 (63) 351 (188) <0.001 
Beta-carotene  (mcg/d) 3428 (1910) 3038 (1829) 3377 (1815) 3870 (1992) <0.001 3463 (2244) 3323 (1621) 3498 (1809) 0.420 
Alpha-carotene (mcg/d) 792 (623) 712 (647) 770 (633) 894 (575) <0.001 853 (707) 757 (541) 767 (607) 0.064 
Biotin (vitamin B7) (mcg/d) 34.1 (16.8) 26.0 (10.7) 31.5 (12.2) 44.8 (19.8) <0.001 30.6 (18.0) 31.3 (12.2) 40.5 (17.6) <0.001 
Vitamin C (mg/d) 135.5 (75.6) 112.9 (59.9) 137.1 (79.0) 156.5 (80.1) <0.001 137.1 (84.2) 131.1 (67.7) 138.3 (74.0) 0.370 
Cobalamin (vitamin B12) (mcg/d) 3.40 (1.86) 2.84 (1.52) 3.23 (1.79) 4.12 (2.02) <0.001 2.14 (1.06) 3.28 (1.19) 4.77 (2.10) <0.001 
Saturated fat (g/d) 28.5 (12.0) 23.1 (9.1) 27.4 (9.2) 35.2 (13.9) <0.001 20.4 (6.5) 27.2 (7.0) 38.0 (13.6) <0.001 
Cholesterol (mg/d) 278 (118) 253 (115) 266 (109) 314 (122) <0.001 192 (60) 265 (62) 376 (133) <0.001 
Fibre (g/d) 28.3 (11.2) 21.9 (7.8) 27.5 (8.1) 35.6 (12.4) <0.001 28.4 (13.4) 27.0 (9.3) 29.6 (10.3) 0.007 
Energy (kj/d) 8664 (2611) 6973 (2052) 8367 (1920) 10656 (2377) <0.001 7358 (2445) 8277 (1785) 10360 (2563) <0.001 
Food groups                   
Take away foods (g/d) 33.6 (31.3) 28.9 (25.7) 31.5 (32.5) 40.5 (33.9) <0.001 23.0 (19.7) 32.5 (24.2) 45.4 (41.4) <0.001 
Red meat (g/d) 78.7 (71.7) 79.5 (65.7) 73.9 (74.8) 82.7 (74.3) 0.230 43.8 (32.6) 71.6 (36.6) 120.8 (100.1) <0.001 
Processed meat (g/d) 24.3 (22.8) 20.7 (22.7) 24.3 (22.4) 28.0 (22.7) <0.001 15.1 (15.8) 22.2 (17.6) 35.7 (27.9) <0.001 
Soft drinks (g/d) 183 (309) 168 (264) 176 (298) 204 (358) 0.250 168 (313) 174 (302) 206 (313) 0.180 
High fat dairy (g/d) 90.1 (174.6) 63.1 (121.0) 85.0 (164.3) 122.3 (219.5) <0.001 39.5 (100.2) 79.2 (154.6) 151.7 (226.3) <0.001 
Fish (g/d) 27.2 (31.3) 27.9 (32.8) 27.4 (33.3) 26.2 (27.3) 0.750 16.2 (17.2) 25.3 (21.6) 40.1 (43.4) <0.001 








  Mixed-source Animal-sourced  
Total T1 T2 T3 P value T1 T2 T3 P value 
N 1135 379 378 378   379 378 378  
 Mean (SD) 
Leafy vegetables (g/d) 26.3 (26.1) 24.3 (25.8) 26.4 (26.9) 28.1 (25.6) 0.140 25.2 (26.7) 26.3 (25.8) 27.3 (25.9) 0.550 
Other fruits (g/d) 222 (159) 187 (131) 224 (137) 255 (193) <0.001 234 (191) 214 (136) 218 (143) 0.160 
High fibre cereal (g/d) 2.14 (7.49) 1.35 (5.92) 2.83 (8.56) 2.24 (7.71) 0.023 2.47 (7.50) 2.14 (8.01) 1.81 (6.92) 0.480 
High fibre bread (g/d) 56.6 (44.3) 39.3 (33.2) 55.4 (39.6) 75.2 (50.7) <0.001 52.6 (42.4) 55.7 (42.1) 61.6 (47.7) 0.017 
Fruity vegetables (g/d) 115 (71) 100 (62) 115 (71) 129 (76) <0.001 113 (73) 111 (62) 119 (77) 0.260 
Citrus fruit (g/d) 20.5 (29.3) 17.2 (28.3) 21.9 (30.5) 22.4 (28.8) 0.027 22.8 (33.5) 19.8 (29.6) 18.9 (23.9) 0.150 
Legumes (g/d) 38.6 (73.0) 33.6 (55.8) 33.3 (51.6) 48.9 (100.5) 0.004 38.1 (63.5) 31.3 (45.3) 46.4 (99.1) 0.017 
Root vegetables (g/d) 15.3 (13.2) 13.7 (13.5) 14.8 (13.4) 17.4 (12.4) <0.001 16.6 (14.7) 14.6 (11.4) 14.9 (13.2) 0.078 
Stalk vegetables (g/d) 10.9 (9.9) 10.0 (10.3) 11.5 (9.6) 11.2 (9.7) 0.098 9.5 (8.7) 11.6 (10.3) 11.5 (10.5) 0.004 
Cabbages (g/d) 34.6 (30.7) 31.9 (31.2) 32.8 (30.1) 39.1 (30.4) 0.002 36.4 (33.1) 34.1 (28.6) 33.3 (30.2) 0.350 
    Plant-sourced         
Nutrients   379 378 378          
Protein (g/d)   83.8 (25.6) 92.8 (29.1) 106.8 (41.2) <0.001   
  
Vitamin D (mcg/d)   3.69 (2.15) 3.17 (1.71) 3.61 (2.13) <0.001   
  
Calcium (mg/d)   845 (323) 852 (319) 939 (337) <0.001   
  
Magnesium (mg/d)   387 (133) 443 (151) 520 (169) <0.001   
  
Phosphorous (mg/d)   1420 (436) 1583 (555) 1819 (652) <0.001   
  
Potassium (mg/d)   3142 (951) 3838 (1304) 4780 (1542) <0.001   
  
Omega-3   428 (277) 541 (360) 768 (668) <0.001   
  
Omega-6   220 (106) 244 (118) 275 (189) <0.001   
  
Beta carotene  (mcg/d)   1872 (761) 3143 (986) 5273 (1868) <0.001   
  
Alpha-carotene (mcg/d)   395 (268) 691 (368) 1292 (737) <0.001   
  
Biotin (vitamin B7) (mcg/d)   28.3 (13.7) 32.5 (14.8) 41.5 (18.6) <0.001   
  
Vitamin C (mg/d)   81.1 (39.5) 130.4 (52.5) 195.1 (79.5) <0.001   
  
Cobalamin (vitamin B12) (mcg/d)   3.53 (1.78) 3.30 (1.68) 3.37 (2.11) 0.220   
  
Saturated fat (g/d)   28.9 (13.6) 28.1 (11.1) 28.7 (11.3) 0.660   
  
Cholesterol (mg/d)   266 (101) 273 (114) 293 (136) 0.004   
  
Fibre (g/d)   20.9 (7.1) 27.9 (8.8) 36.4 (11.3) <0.001   
  
Energy (kj/d)   7850 (2213) 8555 (2443) 9589 (2844) <0.001   
  
Food groups           
    
Take away foods (g/d)   34.4 (28.0) 33.8 (34.8) 32.8 (30.7) 0.780  
   
Red meat (g/d)   67.1 (52.2) 80.1 (61.9) 88.8 (93.1) <0.001  









  Mixed-source Animal-sourced  
Total T1 T2 T3 P value T1 T2 T3 P value 
N 1135 379 378 378   379 378 378  
 Mean (SD) 
Processed meat (g/d)   25.1 (22.5) 23.6 (21.2) 24.2 (24.5) 0.660  
   
Soft drinks (g/d)   216 (351) 168 (286) 163 (284) 0.033  
   
High fat dairy (g/d)   154.6 (220.1) 66.3 (147.2) 49.2 (122.3) <0.001  
   
Fish (g/d)   18.2 (18.5) 24.2 (23.3) 39.2 (42.6) <0.001  
   
Medium fat dairy (g/d)   248 (257) 269 (222) 270 (214) 0.340  
   
Leafy vegetables (g/d)   12.0 (12.0) 23.7 (18.5) 43.1 (32.8) <0.001  
   
Other fruits (g/d)   151 (97) 221 (127) 294 (200) <0.001  
   
High fibre cereal (g/d)   1.29 (5.43) 2.10 (7.03) 3.03 (9.40) 0.006  
   
High fibre bread (g/d)   52.7 (46.9) 56.0 (41.7) 61.2 (43.8) 0.029  
   
Fruity vegetables (g/d)   59 (36) 112 (50) 172 (71) <0.001  
   
Citrus fruit (g/d)   13.9 (25.5) 20.4 (27.1) 27.2 (33.2) <0.001  
   
Legumes (g/d)   22.1 (35.6) 33.4 (45.5) 60.3 (109.2) <0.001  
   
Root vegetables (g/d)   7.5 (5.9) 13.2 (8.1) 25.4 (16.0) <0.001  
   
Stalk vegetables (g/d)   5.8 (5.5) 11.0 (8.5) 15.9 (11.8) <0.001  
   
Cabbages (g/d)   17.9 (15.0) 31.3 (22.8) 54.6 (37.3) <0.001  
   




Intake levels of protein, PUFA, saturated fat and cholesterol increased across the tertiles 
of the animal-sourced pattern (P < 0.001) as did take-away foods, meats, fish and high 
fat dairy consumption (P < 0.001). Across the tertiles of the plant-sourced pattern, a 
significant reduction in vitamin D and retinol, and increase in intakes of omega-3 and -6, 
beta- and alpha-carotene, vitamin C and fibre (P < 0.001) were found. Although there is 
an increase in cholesterol and saturated fat across tertiles of the pattern (P < 0.001), the 
amount was lower compared to the animal-sourced pattern. Consumption of FV, cereal, 
high fibre bread and legumes increased across the tertiles of the plant-sourced nutrient 
pattern (P < 0.001) (Table 6.2). 
3.3. Nutrient patterns and bone mineral density 
Regression coefficients for the association between each nutrient pattern z score and 
BMD (mg/cm2) are presented in Table 6.3. After adjusting for sociodemographic, 
behavioural, and chronic conditions, a unit increase in z score of mixed-source nutrient 
pattern was associated with a 9.5 mg/cm2 (9.53; 95% CI: 3.09, 5.97) (P < 0.01) increase 
in BMD. After adjustment for energy, a unit increase of the z score was associated with 
a 10.9 mg/cm2 (β = 10.86; 95% CI: 1.91, 19.80) increase in BMD (P < 0.05). Although 
z scores of the animal- (β = −4.07; 95% CI: −11.89, 3.76) and plant-sourced (β = −0.99; 
95% CI: −7.43, 5.45) patterns were inversely associated with BMD, the associations were 
not statistically significant. 
Among those who had early dietary assessment after DXA measure (n = 398), the 
association between mixed–source nutrient pattern and BMD was found to be stronger 
(β = 19.42; 95% CI; 6.36, 32.48; P < 0.01) compared to the whole samples and those with 









Table 6.3 Regression coefficients (β) [95% confidence interval (CI)] for the association between z scores of nutrient patterns and bone 
mineral density among adults aged 50 years and over, the North West Adelaide Health Study 
Nutrient patterns  β (95%CI) 
Complete-case analysis  
Crude model (n = 1135) Model 1 (n = 1135) Model 2 (n = 794) Model 3 (n = 794) Model 4 (n = 794) 
Mixed-source 6.74 (-0.47, 13.9) 4.04 (-2.01, 10.10) 6.97 (-0.25, 14.19) 9.53 (3.09, 15.97)** 10.86 (1.91, 19.80)* 
Animal-sourced 10.8 (4.0, 17.6)** 0.90 (-4.91, 6.72) 1.98 (-5.66, 9.62) -0.02 (-6.76, 6.72) -4.07 (-11.89, 3.76) 
Plant-sourced -0.06 (-07.0, 06.20) 0.47 (-5.27, 6.22) -1.17 (-8.18, 5.84) 0.61 (-5.58, 6.79) -0.99 (-7.43, 5.45) 
Multiple imputation (n = 1135) 
 Crude model Model 1 Model 2 Model 3 Model 4 
Mixed-source 6.74 (-0.47, 13.94) 4.15 (-1.91, 10.22) 3.80 (-2.28, 9.87) 6.76 (1.33, 12.19)* 7.75 (0.49, 15.02)* 
Animal-sourced 10.8 (3.96, 17.58)** 0.08(-5.76, 5.91) 0.80 (-5.08, 6.68) -0.13 (-5.36, 5.10) -3.16 (-9.53, 3.21) 
Plant-sourced -0.60 (-7.39, 6.20) 0.58 (-5.18, 6.34) 0.05 (-5.78, 5.88) 1.40 (-3.79, 6.59) 0.32 (-5.16, 5.80) 
* P < 0.05; ** P < 0.01; T1 – tertile 1 (lowest adherence); T2 – tertile 2; T3 – tertile 3 (highest adherence) 
Model 1: adjusted for sex and age  
Model 2: additionally adjusted for socio-economic and life style factors [smoking, alcohol intake (no/low risk, medium/very high risk), marital status, income, health literacy 
(limited, adequate), leisure time and job related physical activity levels (low, moderate/high)]  
Model 3: additionally adjusted for chronic conditions [diabetes mellitus, family history of osteoporosis and body mass index (continuous)] 







Using multiple imputation, similar association patterns were detected with the mixed-
source (β = 7.75; 95% CI: 0.49, 15.02) and the animal-sourced (β = −3.16; 95% 
CI: −9.53, 3.21) patterns, and a slight difference was found for the plant-sourced pattern 
(β = 0.32; 95% CI: −5.16, 5.80) compared to the analysis without multiple imputation 
(n = 341) (Table 6.3), but remained non-significant. 
Subgroup analyses adjusting for all potential cofounders found that the positive 
association between the mixed-sourced nutrient pattern and BMD was stronger for certain 
subgroups. Among those with low work related PAL, there was a 15.0 mg/cm2 
(β = 14.96; 95% CI: 2.87, 27.04) increase in BMD, although the interaction was not 
statistically significant (P = 0.6613) Among those without family history of osteoporosis, 
a unit increase in the z score of mixed-source pattern was associated with a 14.2 mg/cm2 
(β = 14.19; 95% CI: 3.95, 24.42) increase in BMD, with a non-significant interaction term 
(P = 0.3443) (Supplementary Figure 6.1). 
Sensitivity analyses (by labelling missing values as “missing” and by including and 
excluding medication use, dietary supplementation (vitamin D), sunlight exposure and 
menopausal status) provided similar patterns of associations for all nutrient patterns 
compared to the initial analysis (data not shown). 
4. Discussion 
In this study, we identified three nutrient patterns: plant-sourced (characterized by high 
intake of potassium, fibre, carotene, lutein and zeaxanthin, and vitamin C), animal-
sourced (which includes high intake of palmitoleic acid, cholesterol, PUFA, protein, 
vitamin B12, saturated and monounsaturated fats, zinc and retinol) and mixed-source 




including phosphorous, potassium, calcium, niacin, starch and dextrins, vitamin B1, B2, 
B3, B7 and B12, fibre, protein and retinol). We found that the mixed-source nutrient pattern 
was positively associated with BMD. No independent and statistically significant 
associations between animal- and plant-sourced nutrient patterns and BMD were found. 
4.1. Nutrient patterns 
Multivariable data reduction methods in nutritional epidemiology allow summarizing the 
complexity, relationships and patterns of diet and nutrients and comparing across 
population groups [45, 51]. Particularly, application of these methods to identify nutrient 
patterns captures a better explanation of the variation (the proportion of variability in each 
nutrient pattern that can be explained by the included nutrients) [391] compared to using 
the methods in identifying dietary patterns [378, 392], which is also reflected in the 
current study (62.7%). The other characteristic of nutrient patterns derived by these 
methods is the similarity across the population groups that is evident in the current and 
other studies [205, 393]. This implies the consistent nature of nutrient patterns across 
populations, which leads to a premise that generalizability of findings on the association 
between nutrient patterns and disease outcomes across populations could be possible. 
4.2. Association between mixed-source nutrient pattern and BMD 
We found that the mixed-source pattern was associated with increased BMD. The finding 
is consistent with a study conducted among Iranian postmenopausal women that found a 
positive association between a nutrient pattern characterized by high intake of fibre, folate 
vitamins A, K, B2, B6 and B12, magnesium and potassium and lumbar spine BMD [205]. 
A French prospective investigation among those aged 65 years and over (The Three-City 




fracture risk [94]. 
The mixed-source pattern identified by this study was characterized by a high intake of 
nutrients that are important to bone metabolism [143]. In the pattern, minerals, including 
phosphorus, potassium, magnesium and calcium, were the major components. 
Phosphorus is known to have a primary role in building and maintaining bone mass [394] 
through hydroxyapatite formation [395]. Potassium and magnesium are also the 
important minerals for bone mass [396], by reducing calcium excretion [397] and 
hydroxyapatite crystal formation [398]. Furthermore, although evidence is not 
conclusive, metabolic alkalosis [152] created by potassium and magnesium [399] could 
be another explanation. It is important to note that dietary sources of these nutrients (such 
as dairy products, nuts, and seeds) are common and nutritional recommendations can be 
easily made to protect bone loss in ageing populations. Most of these nutrients can also 
be found by consuming Mediterranean diet which have shown a positive correlation with 
bone health [400]. 
Other nutrients that were highly loaded to the mixed-source pattern were B vitamins (B1, 
B2, B3, B7 and B12), protein, saturated fat, fibre and retinol. In the Framingham 
Osteoporosis Study, a lower plasma vitamin B12 concentration was associated with a 
lower BMD [401]. A review by Fratoni and Brandi also showed a strong positive 
association between low levels of vitamin B12 serum concentration and fracture risks 
[402]. In previous studies, nutrient patterns that were high in fibre and vitamin A were 
also positively associated with BMD [205, 403]. In addition, the antioxidant 
characteristics of the nutrients in the mixed-source pattern (with high load of vitamins A, 
C and E, beta-carotene and lycopene) can play an important role in maintaining bone 




intracellular and extracellular bone proteins. It also raises the level of insulin-like growth 
factor-I (IGF-I) which promotes production of 1, 25 dihydroxyvitamin D (1,25D) and 
reabsorption of inorganic phosphate by the kidney [154]. The importance of protein in 
bone formation is supported by epidemiological studies [154, 380] although the overall 
evidence is limited [19]. 
Another characteristic of the mixed-source pattern in this study was low loadings of 
PUFA (particularly omega-3). Although studies support the importance of PUFA in 
maintaining bone mass and minimizing fracture risks, evidence of the association 
between PUFA and bone health is inconclusive [33, 143, 161, 404].  
Taken together, nutrients that were highly loaded in the mixed-source pattern not only 
benefit bone health but also are important for overall health. Given the diverse dietary 
source of these nutrients, nutrition messages targeting ageing people should encourage 
the intake of both animal and plant source foods. 
4.3. Association between plant-/animal-sourced nutrient patterns and 
BMD 
We did not find any significant associations between plant- and animal-sourced patterns 
and BMD. In Iranian postmenopausal women, similar nutrient patterns were also not 
associated with BMD [205]. The animal-sourced pattern in our study was not highly 
loaded with important nutrients such as potassium, magnesium, fibre and anti-oxidants. 
In addition, this nutrient pattern was characterized by a high intake of take-away food, 
red meat, soft drinks and high fat dairy that our previous study found to be positively 
associated with low BMD [378]. Although FV intake increased across tertiles of the plant-




was the main characteristic of the pattern. 
The limitations of this study should be considered while interpreting the findings. First, 
the time of dietary assessment was after the DXA measurement (median = 4.3 years, 
minimum = 2.8 and maximum = 6.1 years). However, to investigate the effect of this time 
gap, we conducted a sensitivity analysis by segregating the study participants into two 
categories, those with early dietary assessment and those with late assessment (above and 
below 50%). The analysis suggested that the time gap could actually underestimate the 
association between mixed-source nutrient pattern and BMD. In our study, 162 (14.3%) 
of the study participants retired within this time frame. It has been previously shown that 
women are more likely to change their eating habit towards a healthy one while it remains 
stable for men after retirement [373]. Further adjustment for retirement did not change 
the estimates of the associations between nutrient patterns and BMD. A study has also 
found a stable dietary habit existed over a period of five years among men and women 
aged 64–85 years [371], indicating that it is unlikely that people do change eating habits 
when they age. However, it must be acknowledged that, in the time gap, change in dietary 
behaviour, and hence nutrient intake, as a result of multiple factors, including change in 
socio-economic status and physiological changes, could exist. In addition, study 
participants who had a new diagnosis of a disease that could be impacted by a dietary 
change and those who were told the result of DXA measurements could change their 
eating habit and other lifestyle behaviours. Particularly, those participants who knew that 
they were osteopenic or osteoporotic may have been more likely to take supplements 
(such as, vitamin D) at Stage 2 for which we did not have the data. 
Secondly, the number of cases with missing values was a limitation. However, to 




analyses (including multiple imputation) which suggested a similar pattern of association 
to that which we reported. Thirdly, although FFQ is widely used and it captures the usual 
intake of food and the relative consumption pattern at the population level [40], the 
inherent limitations of recall bias in accurately measuring the amount of food and 
nutrients should be noted. Fourthly, measurement errors associated with dietary 
assessment could be introduced because of potentially diminished cognitive function of 
the study participants (e.g. those aged 70 years and over) despite the majority (80.3%) of 
our study participants were aged 50–69 years and the acceptable validity of FFQ use 
among older people reported in previous studies [374, 405]. Formal cognitive testing was 
not undertaken in this study and thus we are not able to determine the impact of this on 
results. However, we assume that mental health conditions may impact on cognitive status 
and we identified those with a possible mental health condition through use of relevant 
medication. When adjusting for the medication use in the analysis, there was no impact 
on the estimates. However, we acknowledge that this is not a replacement for formal 
cognitive testing and the impact that this may have on dietary assessment. Fifthly, because 
of the cross-sectional analysis of the study, cause-effect relationships cannot be declared. 
In summary, we found that the mixed-source nutrient pattern was positively associated 
with BMD but both plant- and animal-sourced patterns were not significantly associated. 
This study shows the potential benefit of nutrients from both animal and plant source 
foods in maintaining bone mass and hence the prevention of bone fragility and reducing 
fracture risk. This highlights that a balanced diet (from both plant and animal sources) is 
important in maintaining bone mass in the aging population. To prevent the development 
of osteoporosis/osteopenia, dietary approaches should be part of the targeted strategies 
for both clinical and public health interventions. Further longitudinal studies are 
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Abstract: Studies on long-term exposure to foods/nutrients and its associations with 
fracture risk are scarce. Using data from the China Health and Nutrition Survey (CHNS), 
we determined the prospective association of dietary and nutrient patterns with fractures. 
Data from 15,572 adults aged ≥18 years were analysed. Fracture occurrence was self-
reported and dietary intake data were collected using a 24-hour (24-h) recall method for 
three consecutive days, for each individual across nine waves (1989–2011). We used 
cumulative and overall mean, recent and baseline dietary and nutrient exposures. Hazard 
ratios (HR) were used to determine the associations. Two dietary (traditional and modern) 
and two nutrient (plant- and animal-sourced) patterns were identified. After adjusting for 
potential confounders, study participants in the third tertiles (highest intake) of the 
modern dietary and animal-sourced nutrient patterns’ cumulative scores had a 34% (HR 
= 1.34; 95% confidence interval (CI): 1.06–1.71) and 37% (HR = 1.37; 95% CI: 1.08–
1.72) increase in fracture risks compared to those in the first tertiles, respectively. While 
the overall mean factor scores of dietary and nutrient patterns had a similar (or stronger) 
pattern of association as the cumulative scores, no association between recent and 
baseline scores and fracture was found. Greater adherence to a modern dietary and/or an 
animal-sourced nutrient pattern is associated with a higher risk of total fractures. This 
suggests that a modern animal based diet is related to bone fragility. A repeated three-day 
24-h recall dietary assessment provides a stronger association with fracture compared to 
a recent or baseline exposure. 






1.  Introduction 
Lifestyle and behavioural factors are associated with fracture risk [406, 407]. Of the 
lifestyle and behavioural factors, diet is of a particular significance [204, 408, 409]. 
Previous studies have generally focused on the associations between individual diets or 
nutrients with fractures [28, 32, 190, 410, 411]. This approach does not consider other 
food items or nutrients that could have a potential influence on fracture risk; and the 
interactions of food items or nutrients are ignored resulting in a biased (confounded) 
association with fracture risk. Realistically, people do not consume individual foods or 
nutrients but rather a mixture of foods with multiple nutrients. Furthermore, bone 
physiology is not dependent on individual nutrients, thus these combinations provide a 
further challenge for clinical and public health recommendations to improve bone 
strength. 
Studies have shown inconsistent findings on the association between dietary patterns and 
fracture risks [204, 280, 281, 412]. In terms of nutrient patterns, to the best of our 
knowledge, with the exception of one study [94], no other studies have investigated the 
association with fracture risks. A thorough investigation of an association between 
patterns of nutrient and food intakes over the long term, and fractures, is essential as bone 
is a complex structure composed of multiple nutrients. In addition, diet and/or nutrients 
that are associated with muscle mass or strength could also determine fracture risks [413]. 
Focusing on the overall dietary and nutrient patterns assists dietary counselling and 
recommendations for individuals and population groups and this approach can also detect 
a potential positive impact of minimal changes across foods or nutrients, rather than a 
major change in a few food or nutrient groups on health outcomes, which might result in 




prospective associations between long term dietary and nutrient patterns and fracture risk 
among adults (18 years and above) using the CHNS. 
2. Materials and methods 
2.1. Study design and population 
We used longitudinal data from the CHNS, which is an open prospective cohort study 
and represents nine provinces of China [415]. There were nine waves (two to three years 
apart) of data collection between 1989 and 2011. A multistage random-cluster sampling 
technique was used to select households in the study. All members of the selected 
households were eligible to be included in the study. Between 1989 and 2011, 35,703 
study participants were involved in at least one study wave. After excluding those who 
were not eligible, the analysis sample was 15,572 in this specific study (Figure 7.1). The 
response rate based on those who participated in previous waves staying in the subsequent 
survey was around 88%. However, the response rate out of the participants included at 
baseline (1989) and remained in 2006 was more than 60% [298]. The CHNS was 
approved by the institutional review committees of the University of North Carolina 
(Chapel Hill, NC, USA) and the National Institute of Nutrition and Food Safety (Beijing, 










Figure 7.1 Sampling description 
2.2. Outcome variable 
Fracture was self-reported in each wave by the study participants for a question “Have 
you ever had fracture?” along with age when the first fracture occurred. To determine the 
calendar year of fracture, first we calculated the difference between the current age (at 
the interview) and age at first fracture. Then, we subtracted the age differences (in years) 




provided us the calendar year of the first facture. We assumed that the date of fracture 
was on 1 July of each year. In a previous large cohort study, a self-reported assessment 
of lifetime fractures, along with age at fractures, was found to be a feasible method to 
establish incident cases [416]. We excluded those participants who had the first fractures 
before the first interview date for each wave (when dietary data were collected) and those 
with less than 0.5 years of follow-up after the interviews. 
2.3. Assessment of dietary and nutrient intakes 
Detailed descriptions of dietary measurements are provided elsewhere [417]. In short, 
dietary intake data were collected using a 24-h dietary recall method for three consecutive 
days at each wave for each individual. At the beginning and end of the three days, 
interviewers weighed/recorded all available and wasted foods at home. These data were 
linked and harmonized with the dietary recall data to determine individuals’ dietary intake 
levels. The Chinese Food Composition Table was used to analyse the food consumption 
data (g/day) and to determine the intake levels of nutrients. Foods and nutrients were 
categorized into 34 and 21 groups for further analysis, respectively. 
2.4. Covariates 
At each wave, data on sociodemographic, lifestyle, physical measurements and chronic 
conditions were collected. Individual level income was classified into tertiles (low, 
middle and high) at each wave. The highest level of education achieved was categorized 
into low (illiterate or primary school), medium (junior middle school) and high (high 
middle school or higher). Residency was classified into two categories (urban and rural) 
based on an urbanization index which is a composite of 12 components that included 
population and other socioeconomic characteristics [417]. Lifestyle factors included 




and current smokers/ex-smokers. Frequency of alcohol consumption was categorized as 
“none”, “<1/week”, “1–2/week”, “3–4/week” and “daily”. PAL, in terms of metabolic 
equivalent of task (MET-hours per week), was determined based on self-reported job and 
leisure time activities, intensity and duration of the activities. 
Height and weight were measured based on a protocol recommended by WHO. BMI was 
calculated as weight (kg) divided by the square of height (m). Hypertension was 
determined based on systolic (above 140 mmHg) and/or diastolic (above 90 mmHg) 
blood pressure measures, or having doctor diagnosed hypertension. 
2.5. Statistical analysis 
Dietary and nutrient patterns were identified across the seven waves (1991–2009) by 
factor analysis using the PCA method. An eigenvalue (>1.5), scree plot, and 
interpretability of the factors were used to determine the number of dietary and nutrient 
patterns. Factor loadings (the correlation between each pattern and the food and nutrient 
groups) were calculated. Percentages of variances (the variations that were explained by 
the identified dietary and nutrient patterns) were also computed. For each dietary and 
nutrient pattern, factor scores were assigned across all study participants. Factor scores 
show the relative position of the study participants in each of the identified patterns 
reflecting adherence to the patterns. Pattern-specific factor scores are calculated as the 
sum of the products of the factor loading coefficients and standardized daily consumption 
of food and nutrient groups related with the pattern. The factor scores were orthogonally 
(varimax) rotated to create less correlation among the patterns and to facilitate their 
interpretability. 
Based on the factor scores for the dietary and nutrient patterns, four approaches were used 




assess the association between the patterns and fracture risk. The first approach was to 
calculate the cumulative exposure level. To represent the usual relative position (factor 
scores or adherence to the patterns) of the study participants in the factors [418], we 
calculated cumulative mean factor scores. The cumulative scores were calculated by 
summing factor scores and dividing by the number of waves contributing to the scores 
for each study participant. For example, for the second wave (1993), factor scores of the 
first wave (1991) were used; for the third wave (1997), an average of scores of waves one 
(1991) and two (1993) was used; and, for the fourth wave (2000), an average of factors 
of waves one, two and three (1997) was used. Correlations between cumulative scores of 
dietary and nutrient patterns were investigated with Spearman rank correlations. 
The second approach was using the overall mean of the dietary and nutrient pattern scores. 
The overall mean was calculated by summing factor scores until the wave just prior to 
the fracture or censoring occurred and dividing by the number of waves contributing to 
the scores for each study participant. The third and fourth approaches used the recent and 
baseline factor scores. The participants were then allocated into tertiles (first (lowest 
intake); second; and third (highest intake) tertiles) based on the factor scores. 
Chi-square (categorical variables), analysis of variance (ANOVA) (normally distributed 
continuous variables) and Kruskal–Wallis (continuous but not normally distributed) tests 
were used where appropriate to compare the differences in proportions, means and 
medians of the groups at baseline. Time to the incident event was determined as the time 
from enrolment to the first occurrence of incident fracture. Follow-up was censored at the 
date of the outcome event, end of follow-up, date of outmigration, or date of death 
whichever came first. 




and nutrient patterns and the log-rank test was used to investigate the differences. Nelson–
Aalen cumulative hazard estimates were calculated by tertiles of the patterns across the 
follow-up time. To assess the associations of dietary and nutrient patterns with incident 
fractures, hazard ratios (HRs) for fractures and tertiles of the cumulative and overall 
mean, recent, and baseline factor scores were determined using Cox proportional hazard 
regression models. The first tertile was used as reference category. Three models were 
used to determine HRs: Model 1 adjusted for age, sex and daily energy intake; Model 2 
additionally adjusted for education status, income, alcohol intake, residency and PAL; 
and Model 3 was further adjusted for BMI and hypertension. Using Model 3, we also 
conducted stratified analyses using age group (age < 50 and ≥ 50) and sex to explore and 
compare the associations in the respective groups. We tested interactions between dietary 
and nutrient patterns, other covariates and fracture risks using multiplicative terms in the 
last model (Model 3). The assumption of proportionality was tested by including time-
dependant covariates in the final models and was valid for all analyses. To assess the 
quality of models (Model 3), we determined Akaike’s information criterion (AIC). We 
estimated the absolute risk differences for fractures between the third and first tertiles and 
the number of individuals needed to get one fracture case as a consequence of being in 
the third tertiles of dietary and nutrient patterns. Participants were also jointly classified 
across tertiles of dietary and nutrient patterns and used in the Cox regression (Model 3). 
Statistical analyses were performed using Stata version 14 (Stata Corporation, College 
Station, TX, USA). All P values are two-sided. 
3. Results 
3.1. Baseline characteristics 




participants were followed for 20.2 years (median follow-up time = 8.9 years), which 













Table 7.1 Baseline sociodemographic characteristics across tertiles of dietary and nutrient patterns among adults 18 years and above, the 
China Health and Nutrition Survey 
Characteristics 
Overall                                 T1           T2 T3 P value T1 T2 T3 P value 
Category Value Traditional dietary pattern Modern dietary pattern 
N  15,572 5476 5164 4932  6019 4796 4757  
Sex # Male 7627 (49.0%) 2613 (47.7%) 2192 (42.4%) 2822 (57.2%) <0.001 3000 (49.8%) 2213 (46.1%) 2414 (50.7%) <0.001 





39.2 (28.6, 53.5) <0.001 
Income # Low 4537 (29.1%) 2010 (36.7%) 1335 (25.9%) 1192 (24.2%) <0.001 2409 (40.0%) 1481 (30.9%) 647 (13.6%) <0.001 
 Medium 5083 (32.6%) 1739 (31.8%) 1728 (33.5%) 1616 (32.8%)  2066 (34.3%) 1651 (34.4%) 1366 (28.7%)  
 High 5842 (37.5%) 1674 (30.6%) 2065 (40.0%) 2103 (42.6%)  1522 (25.3%) 1624 (33.9%) 2696 (56.7%)  
 Missing 110 (0.7%) 53 (1.0%) 36 (0.7%) 21 (0.4%)  22 (0.4%) 40 (0.8%) 48 (1.0%)  
Residency # Urban 5578 (35.8%) 1610 (29.4%) 2150 (41.6%) 1818 (36.9%) <0.001 999 (16.6%) 1839 (38.3%) 2740 (57.6%) <0.001 
Education # Low 6496 (41.7%) 2514 (45.9%) 2042 (39.5%) 1940 (39.3%) <0.001 3311 (55.0%) 2036 (42.5%) 1149 (24.2%) <0.001 
 Medium 4601 (29.5%) 1630 (29.8%) 1470 (28.5%) 1501 (30.4%)  1751 (29.1%) 1458 (30.4%) 1392 (29.3%)  
 High 3086 (19.8%) 847 (15.5%) 1099 (21.3%) 1140 (23.1%)  603 (10.0%) 846 (17.6%) 1637 (34.4%)  
 Missing 1389 (8.9%) 485 (8.9%) 553 (10.7%) 351 (7.1%)  354 (5.9%) 456 (9.5%) 579 (12.2%)  
Physical activity (MET-hours/week),  
mean (SD) (n = 14,930) @ 
 201.1 (174.1) 212.4 (185.2) 192.3 (169.5) 197.9 (165.4) <0.001 236.8 (183.0) 202.4 (173.9) 153.7 (149.6) <0.001 
Alcohol consumption # None 9327 (59.9%) 3247 (59.3%) 3311 (64.1%) 2769 (56.1%) <0.001 3663 (60.9%) 3002 (62.6%) 2662 (56.0%) <0.001 
 <1/week 1826 (11.7%) 653 (11.9%) 534 (10.3%) 639 (13.0%)  740 (12.3%) 515 (10.7%) 571 (12.0%)  
 1–2/week 1256 (8.1%) 390 (7.1%) 401 (7.8%) 465 (9.4%)  449 (7.5%) 334 (7.0%) 473 (9.9%)  
 3–4/week 705 (4.5%) 220 (4.0%) 216 (4.2%) 269 (5.5%)  264 (4.4%) 178 (3.7%) 263 (5.5%)  
 Daily 1299 (8.3%) 412 (7.5%) 400 (7.7%) 487 (9.9%)  424 (7.0%) 369 (7.7%) 506 (10.6%)  
 Missing 1159 (7.4%) 554 (10.1%) 302 (5.8%) 303 (6.1%)  479 (8.0%) 398 (8.3%) 282 (5.9%)  
Smoking # Current/ex-smoker 4759 (30.6%) 1606 (29.3%) 1411 (27.3%) 1742 (35.3%) <0.001 1916 (31.8%) 1379 (28.8%) 1464 (30.8%) 0.002 
 Missing 957 (6.1%) 463 (8.5%) 252 (4.9%) 242 (4.9%)  415 (6.9%) 329 (6.9%) 213 (4.5%)  
Body-mass index (kg/m2),  
mean (SD) (n = 14,045) @ 
 22.1 (3.1) 22.6 (3.1) 22.0 (3.2) 21.7 (2.9) <0.001 21.4 (2.7) 22.2 (3.1) 23.0 (3.3) <0.001 
Hypertension # Yes 1725 (11.1%) 634 (11.6%) 611 (11.8%) 480 (9.7%) <0.001 466 (7.7%) 529 (11.0%) 730 (15.3%) <0.001 
 Missing 1401 (9.0%) 623 (11.4%) 406 (7.9%) 372 (7.5%)  555 (9.2%) 481 (10.0%) 365 (7.7%)  
Energy (kcal), mean (SD) @  2448.2 (708.4) 2452.8 (750.7) 2212.2 (595.9) 2690.2 (685.5) <0.001 2597.3 (692.4) 
2356.5 
(714.5) 
2351.9 (689.7) <0.001 
   Plant-sourced nutrient pattern Animal-sourced nutrient pattern 
N  15,571 5661 4210 5700  6026 4170 5375  
Sex # Men  2146 (37.9%) 2200 (52.3%) 3280 (57.5%) <0.001 2435 (40.4%) 1973 (47.3%) 3218 (59.9%) <0.001 





36.7 (26.9, 48.4) <0.001 
Income # Low  1377 (24.3%) 1147 (27.2%) 2013 (35.3%) <0.001 2121 (35.2%) 1169 (28.0%) 1247 (23.2%) <0.001 
 Medium  1814 (32.0%) 1414 (33.6%) 1854 (32.5%)  2017 (33.5%) 1381 (33.1%) 1684 (31.3%)  
 High  2415 (42.7%) 1625 (38.6%) 1802 (31.6%)  1852 (30.7%) 1588 (38.1%) 2402 (44.7%)  
 Missing   55 (1.0%) 24 (0.6%) 31 (0.5%)  36 (0.6%) 32 (0.8%) 42 (0.8%)  
Residency # Urban  2721 (48.1%) 1491 (35.4%) 1365 (23.9%) <0.001 1708 (28.3%) 1599 (38.3%) 2270 (42.2%) <0.001 
Education # Low  2014 (35.6%) 1671 (39.7%) 2811 (49.3%) <0.001 3008 (49.9%) 1684 (40.4%) 1804 (33.6%) <0.001 
 Medium  1592 (28.1%) 1285 (30.5%) 1724 (30.2%)  1673 (27.8%) 1249 (30.0%) 1679 (31.2%)  
 High  1414 (25.0%) 820 (19.5%) 851 (14.9%)  853 (14.2%) 851 (20.4%) 1381 (25.7%)  









Overall                                 T1           T2 T3 P value T1 T2 T3 P value 
Category Value Traditional dietary pattern Modern dietary pattern 
Physical activity (MET-hours),  
mean (SD) (n = 14,930) @ 
  165.9 (162.8) 199.1 (167.0) 236.5 (182.5) <0.001 214.2 (180.6) 197.8 (172.8) 189.2 (166.6) <0.001 
Alcohol consumption #  None  3845 (67.9%) 2422 (57.5%) 3060 (53.7%) <0.001 3952 (65.6%) 2559 (61.4%) 2816 (52.4%) <0.001 
 <1/week  517 (9.1%) 503 (11.9%) 806 (14.1%)  599 (9.9%) 486 (11.7%) 741 (13.8%)  
 1–2/week  354 (6.3%) 393 (9.3%) 508 (8.9%)  383 (6.4%) 324 (7.8%) 548 (10.2%)  
 3–4/week  206 (3.6%) 197 (4.7%) 302 (5.3%)  222 (3.7%) 188 (4.5%) 295 (5.5%)  
 Daily  419 (7.4%) 376 (8.9%) 504 (8.8%)  398 (6.6%) 312 (7.5%) 589 (11.0%)  
 Missing  320 (5.7%) 319 (7.6%) 520 (9.1%)  472 (7.8%) 301 (7.2%) 386 (7.2%)  
Smoking # Current/ex-smoke  1344 (23.7%) 1345 (31.9%) 2069 (36.3%) <0.001 1599 (26.5%) 1199 (28.8%) 1960 (36.5%) <0.001 
 Missing  259 (4.6%) 265 (6.3%) 433 (7.6%)  402 (6.7%) 244 (5.9%) 311 (5.8%)  
Body-mass index (kg/m2),  
mean (SD) (n = 14,045) @ 
  22.3 (3.3) 22.3 (3.1) 21.9 (2.9) <0.001 21.8 (3.0) 22.2 (3.2) 22.4 (3.1) <0.001 
Hypertension # Yes  781 (13.8%) 449 (10.7%) 495 (8.7%) <0.001 698 (11.6%) 454 (10.9%) 573 (10.7%) 0.190 
 Missing  499 (8.8%) 378 (9.0%) 524 (9.2%)  566 (9.4%) 387 (9.3%) 448 (8.3%)  
Energy (kcal), mean (SD) @   1943.5 (492.3) 2491.4 (491.0) 2917.9 (690.5) <0.001 2136.7 (624.0) 
2385.8 
(557.8) 
2846.1 (710.9) <0.001 
# – Pearson’s chi-square test; $ – Kruskal – Wallis test; @ – analysis of variance (ANOVA); IQR – interquartile range; MET – metabolic equivalent task; SD – standard deviation; 








3.2. Dietary and nutrient patterns 
Figure 7.2 depicts the identified dietary and nutrient patterns and factor loadings of food 
groups and nutrients. Two dietary patterns were identified. Whereas the first pattern 
(traditional) was characterized by a high intake of rice, pork, fish, poultry, dry tofu, beef, 
fresh vegetables and offal, the second pattern (modern) was characterized by a high intake 
of fruits, milk, cake, fast foods, eggs, soy milk and deep fried products. The two patterns 
explained 11.9% of variance. Two nutrient patterns (plant- and animal-sourced) were 
determined. The two nutrient patterns explained 59.1% of nutrient intake variance. The 
correlations between the traditional dietary pattern and the plant- and animal-sourced 
nutrient pattern cumulative scores were −0.051 and 0.127, respectively; and between the 
modern dietary pattern and plant- and animal-sourced nutrient patterns were −0.306 and 
0.462, respectively (p ≤ 0.0001) (Supplementary Table 7.1). 
Consumption patterns of selected food and nutrient groups across the tertiles of dietary 
and nutrient patterns are also shown in Table 7.2. Overall, the consumption of milk was 
very low (5.8 millilitre/day). There was a significant reduction of calcium, fiber and 
vitamin C intake across the tertiles of animal-sourced nutrient pattern (P < 0.001). 
3.3. Dietary and nutrient patterns and fracture rate 
During the follow-up, there were 649 incident cases of fractures (males = 311 and females 
= 338). The rate of fracture was 4.0 (95% CI: 3.7–4.3) per 1000 person-years (Table 7.3). 
While males (3.8 per 1000 person-years) below 50 years of age had a higher fracture rate 
compared to their female (2.9 per 1000 person-years) counterparts, the reverse (2.8 
(males) vs. 6.4 (females) per 1000 person-years) was found for those 50 years and over 
(Supplementary Table 7.2). Nelson–Aalen cumulative hazard estimates by tertiles of 





Food groups  
Dietary patterns and factor loadings 
Nutrients 
Nutrient patterns 






Rice  0.71 −0.40 Potassium  0.93 −0.08 
Pork  0.48 0.21 Phosphorus 0.93 0.26 
Fish  0.41 0.19 Magnesium 0.93 0.08 
Poultry  0.29 0.21 Zinc 0.87 0.32 
Dry tofu  0.29 0.03 Calcium  0.87 −0.17 
Beef  0.24 0.16 Iron 0.86 0.19 
Fresh vegetable  0.24 −0.20 Copper 0.82 0.25 
Offal  0.24 0.03 Fiber 0.79 0.08 
Mushroom 0.16 0.29 Manganese 0.78 0.11 
Spirit  0.12 0.10 Vitamin C 0.78 −0.26 
Shrimp  0.11 0.22 Carbohydrate 0.73 0.17 








Fruit  0.08 0.44 Sodium 0.25 0.11 




Milk  0.05 0.40 Protein 0.61 0.70 
Beverage  0.04 0.12 Fat 0.08 0.66 
Yoghurt  0.03 0.16 Selenium 0.30 0.52 
Sugar  0.03 0.11 Vitamin E 0.34 0.51 
Wine  0.02 0.03 Vitamin A −0.07 0.47 
Milk powder  0.02 0.06 Folate −0.04 0.11 
Lamb  0.01 0.18    
Fresh bean  0.00 0.03    
Cake  −0.02 0.31    
Legume  −0.02 −0.11    
Fast food  −0.03 0.40    
Eggs  −0.03 0.44    
Tofu  −0.05 0.05    
Soy milk  −0.07 0.42    
Bean thread noodle −0.09 0.07    
Tubers  −0.19 −0.13    
Deep fried products −0.20 0.41    
Whole grain  −0.47 −0.04    
Wheat  −0.73 0.07    
Figure 7.2 Factor loadings of food groups and nutrients to patterns  
[The colour gradation reflects how big and in which direction was the correlation between the food groups 
and nutrients, and the patterns. Deep green colour refers to a relatively higher correlation (higher intake) of 
the food groups and nutrients with the dietary and nutrient patterns, respectively. Deep red colour refers to 









Table 7.2 Selected baseline (1991) food and nutrient intake across tertiles of dietary and nutrient pattern scores among adults 18 years 
and above, the China Health and Nutrition Survey 
  T1 T2 T3 P value T1 T2 T3 P value 
  Traditional dietary pattern  Modern dietary pattern 
N 15,572 5476 5164 4932  6019 4796 4757  
Food Groups, Mean (SD)          
Rice (g/day) 286.9 (211.4) 100.6 (119.7) 324.1 (137.9) 454.9 (192.5) <0.001 422.5 (212.2) 212.2 (171.7) 190.7 (146.4) <0.001 
Fish (g/day) 24.1 (47.2) 6.4 (21.0) 20.0 (36.4) 47.9 (65.1) <0.001 13.8 (33.3) 22.5 (42.4) 38.8 (61.1) <0.001 
Tofu (g/day) 22.7 (42.4) 25.1 (46.0) 24.3 (42.4) 18.4 (37.6) <0.001 21.4 (45.1) 22.3 (40.3) 24.8 (40.9) <0.001 
Dry tofu (g/day) 10.0 (26.3) 3.1 (15.2) 8.4 (20.9) 19.3 (36.4) <0.001 10.1 (26.3) 8.7 (24.9) 11.2 (27.5) <0.001 
Fresh vegetable (g/day) 279.1 (179.0) 238.2 (168.0) 256.7 (151.7) 347.8 (196.6) <0.001 338.4 (204.8) 239.7 (145.7) 243.7 (152.3) <0.001 
Salted vegetable (g/day) 15.7 (46.7) 13.1 (53.7) 13.3 (34.5) 21.1 (48.9) <0.001 29.6 (68.1) 7.5 (21.6) 6.4 (20.2) <0.001 
Fruit (g/day) 19.4 (72.2) 12.5 (48.0) 20.1 (62.3) 26.3 (98.6) <0.001 2.2 (15.6) 7.3 (29.5) 53.2 (119.1) <0.001 
Soy milk (mL/day) 5.6 (29.2) 7.5 (36.8) 6.0 (28.0) 2.9 (18.9) <0.001 0.4 (6.0) 1.3 (9.8) 16.4 (49.8) <0.001 
Milk (mL/day) 5.8 (35.3) 3.5 (28.0) 7.1 (37.2) 6.9 (40.2) <0.001 0.0 (0.3) 0.1 (2.5) 18.8 (62.0) <0.001 
Milk powder (g/day) 0.4 (5.5) 0.3 (4.2) 0.4 (4.6) 0.4 (7.4) 0.360 0.0 (1.4) 0.1 (2.1) 1.0 (9.6) <0.001 
Whole grain (g/day) 26.7 (82.4) 70.0 (126.2) 5.0 (20.3) 1.5 (11.6) <0.001 29.8 (101.8) 33.3 (78.4) 16.2 (52.6) <0.001 
Nutrients          
Calcium (mg/day) 639.2 (780.3) 608.2 (838.3) 564.1 (641.9) 752.3 (831.3) <0.001 774.6 (952.5) 543.2 (653.2) 564.7 (614.2) <0.001 
Magnesium (mg/day) 381.8 (239.9) 451.8 (277.9) 318.9 (186.7) 370.1 (222.9) <0.001 421.4 (283.6) 367.3 (213.3) 346.4 (193.0) <0.001 
Phosphorus (mg/day) 1266.8 (595.0) 1335.5 (669.4) 1083.6 (471.3) 1382.2 (578.1) <0.001 1378.1 (668.9) 1204.3 (551.0) 1188.8 (511.1) <0.001 
Potassium (mg/day) 2419.5 (2032.4) 2479.1 (2231.7) 2104.9 (1655.9) 2682.8 (2113.4) <0.001 2858.1 (2464.2) 2127.5 (1693.5) 2159.0 (1597.4) <0.001 
Fiber (g/day) 15.4 (11.4) 18.9 (12.9) 12.6 (9.2) 14.3 (10.7) <0.001 17.7 (13.2) 14.4 (10.1) 13.4 (9.4) <0.001 
Vitamin A (mg/day) 200.6 (738.4) 106.5 (225.3) 162.1 (353.4) 345.3 (1225.6) <0.001 106.3 (605.1) 174.5 (504.8) 346.2 (1015.7) <0.001 
Vitamin C (mg/day) 142.1 (178.0) 129.6 (185.8) 129.7 (155.7) 169.1 (187.9) <0.001 187.5 (214.2) 114.4 (143.0) 112.7 (144.5) <0.001 
Protein (g/day) 73.4 (26.0) 74.9 (28.6) 63.2 (20.9) 82.2 (24.0) <0.001 71.0 (25.0) 71.3 (25.6) 78.4 (26.8) <0.001 
Fat (g/day) 33.6 (25.0) 26.7 (19.2) 30.2 (22.6) 44.7 (29.1) <0.001 25.1 (22.2) 30.8 (21.4) 47.1 (26.2) <0.001 
Carbohydrate(g/day) 394.1 (160.9) 437.2 (180.9) 346.7 (127.6) 395.9 (154.8) <0.001 453.0 (166.6) 383.5 (156.5) 330.2 (127.9) <0.001 
  Plant-sourced nutrient pattern  Animal-sourced nutrient pattern 
N 15,571 5661 4210 5700  6026 4170 5375  
Food Groups          
Rice (g/day)  242.3 (145.8) 309.8 (202.2) 314.4 (260.1) <0.001 308.8 (200.3) 278.0 (207.8) 269.4 (223.7) <0.001 
Fish (g/day)  25.3 (43.2) 26.7 (48.6) 20.9 (49.8) <0.001 16.4 (36.2) 23.4 (44.1) 33.2 (57.8) <0.001 
Tofu (g/day)  18.5 (33.4) 24.1 (42.7) 25.9 (49.3) <0.001 18.0 (37.8) 23.8 (41.8) 27.1 (47.0) <0.001 
Dry tofu (g/day)  7.0 (18.7) 11.9 (28.7) 11.6 (30.3) <0.001 6.1 (18.7) 8.7 (22.4) 15.5 (34.2) <0.001 
Fresh vegetable (g/day)  224.0 (130.9) 294.2 (178.9) 322.6 (204.6) <0.001 278.6 (176.1) 274.4 (181.3) 283.2 (180.4) 0.057 








  T1 T2 T3 P value T1 T2 T3 P value 
Fruit (g/day)  21.4 (62.6) 22.5 (74.9) 15.0 (78.5) <0.001 11.0 (46.8) 17.9 (79.0) 29.9 (87.2) <0.001 
Soy milk (g/day)  7.1 (31.2) 6.1 (29.1) 3.6 (27.0) <0.001 2.7 (17.9) 4.7 (24.2) 9.4 (40.5) <0.001 
Milk (g/day)  8.0 (40.5) 6.8 (39.4) 2.7 (25.0) <0.001 1.4 (15.2) 4.4 (28.3) 11.7 (51.8) <0.001 
Milk powder (g/day)  0.4 (4.1) 0.3 (4.5) 0.4 (7.1) 0.930 0.1 (2.2) 0.2 (2.9) 0.7 (8.7) <0.001 
Whole grain (g/day),  8.8 (30.6) 18.9 (54.5) 50.3 (120.5) <0.001 21.3 (68.3) 32.1 (90.4) 28.7 (89.8) <0.001 
Nutrients          
Calcium (mg/day)  280.1 (128.1) 401.9 (182.0) 1171.1 (1081.7) <0.001 873.1 (1116.6) 454.5 (415.5) 520.2 (360.7) <0.001 
Magnesium (mg/day)  218.9 (64.5) 319.3 (83.4) 589.9 (274.5) <0.001 394.1 (314.7) 337.5 (165.3) 402.6 (179.9) <0.001 
Phosphorus (mg/day)  816.9 (192.0) 1135.5 (188.3) 1810.5 (628.4) <0.001 1234.5 (773.8) 1132.4 (385.7) 1407.1 (451.7) <0.001 
Potassium (mg/day)  1271.3 (331.5) 1809.8 (383.1) 4010.3 (2636.8) <0.001 2900.2 (2912.9) 1920.6 (1116.3) 2267.8 (1006.6) <0.001 
Fiber (g/day)  7.9 (3.0) 12.3 (4.6) 25.1 (13.1) <0.001 16.2 (13.4) 13.4 (8.4) 16.0 (10.7) <0.001 
Vitamin A (mg/day)  281.7 (1068.4) 186.0 (407.9) 130.8 (470.7) <0.001 66.8 (131.3) 137.7 (228.3) 399.4 (1207.2) <0.001 
Vitamin C (mg/day)  63.9 (37.6) 94.1 (56.6) 255.3 (249.5) <0.001 207.8 (249.0) 104.3 (101.5) 97.9 (80.0) <0.001 
Protein (g/day)  55.6 (15.6) 72.9 (17.8) 91.3 (27.0) <0.001 58.3 (20.6) 69.1 (14.6) 93.5 (25.2) <0.001 
Fat (g/day)  31.6 (21.1) 34.6 (27.1) 34.8 (26.8) <0.001 19.4 (14.3) 30.4 (15.8) 51.9 (28.7) <0.001 
Carbohydrate (g/day)  271.9 (75.5) 377.8 (85.3) 527.5 (163.9) <0.001 375.9 (163.0) 378.5 (132.3) 426.6 (173.3) <0.001 



















Table 7.3 Median follow-up time and crude incidence of fractures by tertiles of dietary and nutrient patterns among adults 18 years and 
above, the China Health and Nutrition Survey (1991–2011) 
  T1 T2 T3 Log-rank test T1 T2 T3 Log-rank test 
 Total Traditional dietary pattern  Modern dietary pattern 
N 15,572 5476 5164 4932 P value  6019 4796 4757 P value 
Median follow-up time (years) 8.9 8.8 8.9 9.0  8.9 9.0 7.0  
Number of fractures 649 220 214 215 0.8441 227 216 206 0.0230 
Person-years at risk 162,416.3 54,925.4 52,208.0 55,282.9  63,297.3 54,385.8 44,733.2  
Rate of fracture per 1000  
person-years (95% CI) 
4.0 (3.7, 4.3) 4.0 (3.5, 4.6) 4.0 (3.6, 4.7) 3.9 (3.4, 4.5)  3.6 (3.2, 4.1) 4.0 (3.5, 4.5) 4.6 (4.0, 5.3)  
  Plant-sourced nutrient pattern  Animal-sourced nutrient patterns 
N 15,571 5661 4210 5700  6026 4170 5375  
Median follow-up time (years) 8.9 7.0 9.0 8.9  7.1 9.0 7.1  
Number of fractures 649 198 189 262 0.2531 221 214 214 0.4048 
Person-years at risk 162,416.3 46,670.8 51,462.5 64,281.0  59,501.7 51,064.5 51,848.1  
Rate of fracture per 1000  
person-years (95% CI) 
4.0 (3.7, 4.3) 4.2 (3.7, 4.9) 3.7 (3.2, 4.2) 4.1 (3.6, 4.6)  3.7 (3.3, 4.2) 4.2 (3.7, 4.8) 4.1 (3.6, 4.7)  





After adjusting for potential confounders (sociodemographic, lifestyle and chronic 
conditions), participants in the third tertile of modern dietary pattern scores (cumulative 
mean) had a 34% increased fracture risk (HR = 1.34; 95% CI: 1.06–1.71) compared to 
those in the first tertile (Table 7.4). The absolute risk increase was 0.30% (95% CI: 0.06–
0.54) and a number needed to have one fracture case was 339 (95% CI: 188–1785). 
Participants in the second (HR = 1.29; 95% CI: 1.04–1.60) and third tertiles (HR = 1.37; 
95% CI: 1.08–1.72) of animal-sourced nutrient pattern cumulative scores had a higher 
risk of fracture compared to those in the first tertile with an absolute risk increase of 
0.31% (95% CI: 0.08–0.55) and a number needed to have one case of fracture of 321 
(95% CI: 184–1285). 
In joint classification of study participants according to adherence to different dietary and 
nutrient patterns, the risk of fracture was a higher with higher adherence to the modern 
pattern in each stratum of traditional dietary and animal-sourced nutrient patterns. We 
found a 32% (95% CI: 52–1%) reduction of fracture rate for those who had simultaneous 
category of lowest adherence to plant- and animal-sourced nutrient patterns 
(Supplementary Figure 7.3, Supplementary Figure 7.4 and Supplementary Figure 7.5). 
The estimates of association between tertiles of overall mean factor scores and fracture 
provided a similar pattern to the cumulative factor scores of dietary and nutrient patterns. 
However, there was no association between the recent and baseline factor scores of 
dietary and nutrient patterns and fracture (Table 7.4). There were no interactions between 
the dietary/nutrient patterns, other covariates and fracture risk (data not shown). Stratified 










Table 7.4 Hazard ratios (HRs) [95% confidence interval (CI)] for tertiles of dietary and nutrient pattern scores and fracture among adults 
18 years and above, the China Health and Nutrition Survey (1991–2011) 
  
 HR 95% CI P-
trend 
AIC 
HR 95% CI 
P-trend AIC 
T1 T2 T3 T2 T3 
Models 
Person-years; number 
of study participants 
(number of cases) 
Cumulative mean scores  Overall mean scores 
  Traditional Dietary Pattern 
Model 1 162,416.3; 15,572 (649) 1.00 1.00 (0.82–1.20) 1.01 (0.84–1.23) 0.887  0.97 (0.80–1.17) 1.10 (0.91–1.33) 0.361  
Model 2 136,542.0; 14,506 (559) 1.00 1.00 (0.82–1.23) 0.99 (0.80–1.22) 0.927  0.98 (0.80–1.21) 1.08 (0.88–1.33) 0.470  
Model 3 130,075.1; 14,193 (540) 1.00 1.05 (0.85–1.30) 1.03 (0.83–1.28) 0.757 9565 1.00 (0.81–1.24) 1.12 (0.90–1.39) 0.313 9564 
  Modern dietary pattern 
Model 1 162,414.3; 15,571 (649) 1.00 1.08 (0.90–1.30) 1.26 (1.04–1.52) * 0.020  1.25 (1.03–1.52) * 1.48 (1.22–1.80) ** <0.0001  
Model 2 136,542.0; 14,506 (559) 1.00 1.05 (0.85–1.29) 1.31 (1.04–1.65) * 0.029  1.25 (1.01–1.55) * 1.59 (1.26–2.01) ** <0.0001  
Model 3 130,075.1; 14,193 (540) 1.00 1.06 (0.85–1.31) 1.34 (1.06–1.71) * 0.019 9559 1.29 (1.04–1.61) * 1.63 (1.28–2.07) ** <0.0001 9550 
  Plant-sourced nutrient pattern 
Model 1 162,414.3; 15,571 (649) 1.00 0.91 (0.74–1.12) 1.06 (0.86–1.30) 0.487  1.08 (0.89–1.31) 0.95 (0.77–1.17) 0.618  
Model 2 136,540.0; 14,505 (559) 1.00 0.94 (0.75–1.18) 1.08 (0.86–1.36) 0.427  1.11 (0.90–1.37) 0.96 (0.76–1.21) 0.687  
Model 3 130,073.1; 14,192 (540) 1.00 0.94 (0.75–1.19) 1.08 (0.86–1.37) 0.438 9564  1.09 (0.88–1.35) 0.93 (0.74–1.19) 0.551 9563 
   Animal-sourced nutrient pattern 
Model 1 162,414.3; 15,571 (649) 1.00 1.18 (0.98–1.43) 1.25 (1.02–1.54) * 0.026  1.15 (0.94–1.40) 1.49 (1.22–1.83) ** <0.0001  
Model 2 136,540.0; 14,505 (559) 1.00 1.27 (1.03–1.56) * 1.32 (1.05–1.66) * 0.016  1.18 (0.95–1.47) 1.54 (1.22–1.94) ** <0.0001  
Model 3 130,073.1; 14,192 (540) 1.00 1.29 (1.04–1.60) * 1.37 (1.08–1.72) * 0.008 9557 1.22 (0.98–1.52) 1.61 (1.27–2.04) ** <0.0001 9549 
   Recent scores   Baseline Scores   
   Traditional dietary pattern 
Model 1  1.00 0.98 (0.81–1.19) 1.05 (0.87–1.28) 0.600  1.09 (0.90–1.31) 1.06 (0.87–1.28) 0.566  
Model 2  1.00 1.00 (0.81–1.23) 1.04 (0.85–1.29) 0.691  1.07 (0.87–1.31) 1.07 (0.87–1.31) 0.546  
Model 3  1.00 1.02 (0.83–1.27) 1.08 (0.87–1.34) 0.498 9565 1.11 (0.90–1.38) 1.11 (0.90–1.38) 0.337 9564 
   Modern dietary pattern 
Model 1  1.00 1.04 (0.86–1.25) 1.19 (0.98–1.44) 0.083  1.15 (0.95–1.40) 1.20 (0.98–1.45) 0.072  
Model 2  1.00 1.05 (0.85–1.29) 1.18 (0.94–1.48) 0.172  1.19 (0.97–1.46) 1.22 (0.97–1.53) 0.086  
Model 3  1.00 1.02 (0.83–1.26) 1.15 (0.91–1.46) 0.252 9564 1.18 (0.95–1.45) 1.23 (0.97–1.55) 0.084 9562 
   Plant-sourced nutrient pattern 
Model 1  1.00 1.08 (0.88–1.33) 1.06 (0.83–1.36) 0.664  1.00 (0.82–1.22) 1.22 (1.00–1.49) * 0.037  
Model 2  1.00 1.16 (0.92–1.46) 1.13 (0.86–1.49) 0.411  1.03 (0.82–1.28) 1.27 (1.02–1.58) * 0.027  









 HR 95% CI P-
trend 
AIC 
HR 95% CI 
P-trend AIC 
T1 T2 T3 T2 T3 
   Animal-sourced nutrient pattern 
Model 1  1.00 1.01 (0.83–1.22) 1.04 (0.83–1.29) 0.747  1.04 (0.86–1.26) 1.09 (0.90–1.32) 0.373  
Model 2  1.00 0.97 (0.79–1.19) 0.99 (0.77–1.26) 0.901  1.10 (0.90–1.35) 1.14 (0.93–1.41) 0.209  
Model 3  1.00 0.95 (0.77–1.18) 0.99 (0.77–1.27) 0.909 9565 1.10 (0.89–1.35) 1.18 (0.95–1.47) 0.126 9563  
* P < 0.05; ** P < 0.001. AIC – Akaike’s information criterion; T1 – tertile 1 (lowest adherence); T2 – tertile 2; T3 – tertile 3 (highest adherence); Model 1: adjusted for sex, 
age (continuous) and energy intake (continuous). Model 2: additionally adjusted for educational status (low, medium and high), income (low, medium and high), alcohol 
consumption (none, <1, 1–2, 3–4 per week and daily), smoking (non-smoker and current/ex-smoker), residency (rural and urban) and physical activity level (metabolic equivalent 
task-hours/week, continuous). Model 3: additionally adjusted for body-mass index (continuous) and high blood pressure (yes/no). P for trend was obtained by adjusting the 





Two dietary (traditional and modern) and two nutrient (plant- and animal-sourced) 
patterns were identified using the CHNS data. In this analysis, with up to 20 years of 
follow-up, we found that a greater adherence to a modern dietary (characterized by a high 
intake of fruits, milk, cake, fast foods, eggs, soy milk and deep fried products) and/or 
animal-sourced nutrient patterns (a high intake of protein, fat, vitamins A, B2 and E, and 
low intake of potassium, calcium, magnesium and vitamin C) was prospectively 
associated with an increased risk of fractures among adults. In this study, we 
demonstrated that, compared to a single three-day 24-h dietary assessment method (at 
baseline or recent), a repeated three-day 24-h dietary assessment provided a stronger 
estimate of the association with fracture risk as it reflected a usual food intake more 
closely. This highlights the problem of using a baseline or a recent dietary exposure to 
estimate the association between diet and fracture in cohort studies which could provide 
a biased estimate leading to a wrong conclusion. 
4.1. Comparison with other studies 
Studies among men and women in the US and Sweden found a lower risk of hip fractures 
among those who had a higher adherence to a Mediterranean diet [31, 204]. Studies have 
also shown the benefit of vegetables, legumes and whole grains as part of a healthy dietary 
pattern in maintaining bone mass and preventing osteoporotic fractures [204, 281, 412]. 
Thus, a low intake of vegetables, legumes and whole grains could explain the positive 
association between the modern pattern and fracture in our study. In studies among 
Chinese populations, it has also been found that favourable dietary patterns (a high intake 
of FV, nuts, soy and seafood) were inversely associated with hip fractures [408, 409]. It 




modern dietary pattern, although milk is largely considered to be an essential part of a 
favourable dietary pattern for bone health in many studies [287, 288]. However, the 
overall milk consumption among the study participants in the current study was very low 
(5.8 millilitre/day) which may contribute to the findings. 
4.2. Potential mechanisms 
The increased risk of fracture associated with a higher adherence to the modern dietary 
pattern could be explained by the direct effect of food groups on bone mass and/or indirect 
influence on skeletal muscle. Previous studies have shown inverse association between 
modern and processed dietary patterns with bone mass [26, 378], which consequently 
lead to a higher risk of osteoporotic fractures. These dietary patterns are mainly loaded 
with a high intake of suboptimal diets, such as energy-dense or nutrient-poor foods [157, 
248], which have been associated with reduced bone mass. On the other hand, risk factors 
for fractures are multifaceted and might not necessarily be associated with a lower bone 
mass [419]. 
Because of the fact that fractures could be related with falls as a result of a lower muscle 
mass/strength [413], diets could have also indirect effect on fracture risk through their 
impact on muscle. For instance, a ‘Western’ type of dietary pattern (characterized by high 
intake of red meats, potato, gravy and butter) was negatively associated with muscle 
strength [420]. Similarly, a higher risk of fall-related fractures was reported among 
elderly Japanese who had a higher adherence to a “meat” based dietary pattern [421]. On 
the other hand, a higher adherence to Mediterranean diet was associated with a lower risk 
of frailty [422]. 
The effect of dietary patterns on body acid-base balance [267] and inflammation [36] 




mass, and eventually fracture risk. In people with a low intake of calcium, a higher dietary 
acid load was associated with a lower BMD [423]. A higher net endogenous acid 
production would result in decreased extracellular pH, creating an acidic environment. 
This phenomenon could facilitate the release of calcium from bone matrix in order to 
buffer the higher acid levels. In addition, it might also increase osteoclast and decrease 
osteoblast activities (i.e., facilitated bone resorption), eventually resulting in increased 
calcium excretion [424] and reduced bone mass [425]. However, the epidemiological 
evidence remains inconclusive, pending further investigation [426]. In recent studies, pro-
inflammatory diets were associated with a lower BMD [427] and an increased risk of hip 
fractures in women [36]. In addition to non-nutritive substances in dietary patterns, the 
combination of nutrients may take a major role on fracture risks directly through affecting 
bone mass or indirectly through increasing body acid and/or inflammation. 
In the current study, we found that a higher adherence to an animal-sourced nutrient 
pattern was associated with a higher risk of fractures. The factor scores of this nutrient 
pattern were also positively and moderately correlated with the scores of the modern 
dietary pattern. A nutrient pattern characterized by a high intake of calcium, phosphorous, 
vitamin B12, proteins and saturated fats was related with a lower risk of wrist and hip 
fracture among French older people (aged 65 and over) [94]. The difference in calcium, 
phosphorous, protein and fat content of nutrient patterns associated with the fracture risk 
in this and our current studies could be explained by the general difference in population 
groups, such as age, eating habit and race. Protein (93.5 g/day) and fat (51.9 g/day) intake 
was found to be higher among study participants in the third tertile of the animal-sourced 
nutrient pattern compared to those in the first tertile in the current study. Although the 
evidence on the effect of high protein intake on bone mass is inconsistent [151, 428, 429], 




resorption. In addition, a low-fat diet was associated with reduced risk of multiple falls 
among postmenopausal women [412]. 
Inflammation of the body can also increase bone resorption and decrease bone formation 
through various pathways [430] making the bone more susceptible to a low-trauma 
fracture. A study among Australian men found that animal-sourced nutrient pattern was 
associated with enhanced inflammatory markers [385]. In another prospective cohort 
study in the US, increased inflammatory markers were positively associated with incident 
fracture risks among older men and women [431], further supporting the fact that the pro-
inflammatory effect of the animal-sourced nutrient pattern in the current study may 
explain the positive association with fracture risks. In line with our study, a higher 
adherence to an inflammatory diet (mainly containing high animal-sourced nutrients) was 
associated with an increased risk of hip fracture in younger women (less than 63 years) 
[36]. This suggests that clinical and public health interventions and strategies should 
consider dietary approaches in prevention of fractures among high risk adults. 
Interactions between dietary and nutrient patterns and other covariates in predicting 
fracture risk were not found. Stratified analyses by sex and age, however, gave a slightly 
different result. Modern dietary and animal-sourced patterns were significantly associated 
with fracture risks in males, but not in females (although the association remained in the 
same direction). In females, a higher adherence to a plant-sourced nutrient pattern was 
significantly associated with an increased risk of fractures. Although the direction of 
association remained the same in those aged less than 50 years, the association between 
the modern dietary pattern and fracture risk was significant only in those aged 50 years 
or over. The difference in the associations may be attributable to differences in body 




and/or a low number of fracture cases in the stratified analyses. In addition, causes (low-
energy vs. high-energy injury) of fractures might be different in different age categories 
and sexes. In this regard, our study showed that the risk of fracture was higher in males 
than females at a younger age while the vice versa was found for the older age bracket. 
This may indicate that most of the fractures in young males could be due to high-energy 
traumas. Further research is warranted in this regard. An animal-sourced nutrient pattern 
remained significantly and positively associated with fracture risks in both age brackets 
(<50 and ≥50 years and over). 
4.3. Dietary exposure measurement 
Our study also demonstrates that the identification of dietary risks of a disease outcome 
(in this case fracture) using a repeated 24-h dietary recall method is likely to provide a 
stronger estimate of an association compared to a baseline or recent dietary exposure. 
Dietary data collected using a repeated three-day 24-h recall method give a better picture 
of the usual food intake compared to a baseline or a recent dietary exposure using a single 
three-day 24-h dietary assessment method, which eventually provides a stronger 
association estimate for a disease outcome [40]. In our study, use of recent or baseline 
dietary that rely on a static eating behaviours (exposure) underestimated the associations. 
This is supported by a previous study which used multiple dietary measurements during 
a follow-up period to assess the effect of dietary fat on coronary heart disease. It was 
found that this approach provided a better estimate compared to a baseline or recent 
dietary exposure [418]. 
It is important to note the following limitations of this study when interpreting the 
findings. First, data on fractures were self-reported. The dates of the fractures were 




may be impacted by a recall bias. In addition, the dates of fractures might not be accurate. 
However, this approach has previously been found to be a feasible alternative to hospital 
and X-ray records in determining a relative fracture incidence across population 
subgroups, particularly for recent fractures, in a large cohort study [416]. Secondly, since 
fractures were not segregated into low- and high-trauma injuries, it was not possible to 
determine the specific low-trauma trauma fracture cases potentially due to a reduced bone 
mass. However, a study reported that most fracture cases (58%) in China (2014) were 
caused by low-trauma injuries (slip, trip, or fall) [88]. Body sites of fractures were also 
not reported in the survey—fractures of toe, finger, sternum, and clavicle are less likely 
to be linked with osteoporosis [432, 433]. However, this method of fracture reporting has 
been used in a previous study [36] and in China the highest incidence rates of fracture 
occurred on tibia and fibula (0.76 fractures per 1000 people) and radius and ulna (0.63 
per 1000 people) [88]. Thirdly, although we adjusted for potential confounders, residual 
confounding and other confounding from unmeasured lifestyle variables (such as from 
duration of sleep [44, 88]) are still possible. In addition, not being able to adjust for 
medication (such as psychoactive medications) and supplement (hormonal and dietary) 
use could potentially overestimate the associations. However, in China, the proportion of 
women using, for example, hormonal replacement therapy has previously been reported 
as being 2.1% [434]. Thus, the effect of this confounder may be small. 
5. Conclusions 
In summary, modern dietary and animal-sourced nutrient patterns are prospectively 
associated with an increased risk of fractures. This study highlights the important role of 
diet and nutrients in fracture risk among adults. Clinical and public health interventions 




into account dietary approaches as important strategies at individual and population 
levels. Repeated measures of dietary exposure provide a stronger estimate in determining 
an association with a disease outcome. On the contrary, using a baseline or a recent 
exposure of dietary score to estimate the association between diet and a disease outcome 
in prospective studies could provide a biased estimate. 
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The relative advantages of dietary analysis methods, particularly in identifying dietary 
patterns associated with bone mass, have not been investigated. We evaluated principal 
component analysis (PCA), partial least-squares (PLS) and reduced-rank regressions 
(RRR) in determining dietary patterns associated with bone mass. 
Methods 
Data from 1182 study participants (45.9% males; aged 50 years and above) from the 
North West Adelaide Health Study were used. Dietary data were collected using a food 
frequency questionnaire. Dietary patterns were constructed using PCA, PLS and RRR 
and compared based on the performance to identify plausible patterns associated with 
bone mineral density (BMD) and content (BMC). 
Results 
PCA, PLS and RRR identified two, four and four dietary patterns, respectively. All 
methods identified similar patterns for the first two factors (factor 1, ‘prudent’ and factor 
2, ‘Western’ patterns). Three, one and none of the patterns derived by RRR, PLS and 
PCA were significantly associated with bone mass, respectively. The ‘prudent’ and dairy 
(factor 3) patterns determined by RRR were positively and significantly associated with 
BMD and BMC. Vegetables and fruit pattern (factor 4) of PLS and RRR was negatively 






RRR was found to be more appropriate in identifying more (plausible) dietary patterns 
that are associated with bone mass than PCA and PLS. Nevertheless, the advantage of 
RRR over the other two methods (PCA and PLS) should be confirmed in future studies. 
Keywords 
Dietary analysis methods, principal component analysis, partial least-squares regression, 
















Assessment of food habits and nutrients and their associations with a specific disease 
outcome can be determined based on pre-existing evidence, that is, a priori methods. This 
is usually done by constructing scores and indices based on food guidelines and 
nutritional recommendations [435]. This method is useful to evaluate adherence and the 
magnitude of the effect of dietary recommendations on disease outcomes [436]. However, 
because it is only based on a prior selection of foods and nutrients, it does not consider 
and describe the overall dietary patterns of the population group under the study [259, 
436]. Therefore, methods to explore the association between overall diet intake and 
disease outcomes through a systematic consideration of the correlations between 
components are increasingly used [51]. Such methods are referred to as a posteriori—a 
method based on collected data (data-driven) in a specific group of population. 
There are two main approaches to a posteriori methods [51]. In the first approach, the 
dietary variables are combined into fewer variables (or factors) based on their correlation, 
and the latent variables are virtually constructed to represent the original dietary variables 
[294]. PCA and explanatory factor analysis (EFA) are examples of these approaches [51]. 
The second approach is cluster analysis, where unlike PCA and EFA approaches, non-
overlapping clusters of individuals are constructed [437]. 
Another approach in dietary data analysis is a hybrid method of the a priori and a 
posteriori methods. In this approach, response variables that mediate dietary risks and 
outcomes are determined based on a “priori” knowledge. These variables can be 
biomarkers, nutrient intakes or an overall dietary quality that are known to have 
association with the outcome of interest [259]. These methods mathematically work by 




438]. The two most common examples of these methods are PLS and RRR. The two 
methods are considered as alternatives for PCA [259]. 
Studies have reported different recommendations in terms of the utility of the methods 
[53, 259]. When investigating the association between dietary patterns and bone mass, 
most studies have used a posteriori methods, although hybrid methods are being 
increasingly used in recent years [275, 358]. However, the relative advantages and a 
thorough evaluation of the methods used to identify dietary patterns associated with bone 
mass have not been investigated. Thus, for the first time, we evaluated the three dietary 
analysis methods (PCA, PLS and RRR), in this study, to determine dietary patterns 
associated with bone mass among ageing Australian population. 
Methods 
Detailed methods are presented previously [378]; however, some of the important issues 
in this specific study are highlighted below. 
Study design and population 
The study population was selected from participants of the NWAHS, which is a 
community-based cohort study. Three major stages of data collection have been 
conducted between 1999 and 2003, 2004 and 2006 and 2008 and 2010. In the cohort, data 
were collected using self-complete questionnaire, CATI and clinical assessments. Adults 
(both sexes and aged 18 years and above; n = 4056) from randomly selected households 
were recruited at the inception of the study [73]. The focus of this specific study is the 
BMD and BMC collected at Stage 2 from those aged 50 years and over (2004–2006, 
n = 1,588). Data related to both BMD/BMC and diet were provided in a total of 1182 




3 (2008–2010, n = 2500) (Figure 8.1). 
 
Figure 8.1 Sampling description of study participants with dietary intake and bone 
mass records, the North West Adelaide Health Study, South Australia 
Diet and other covariates assessment 
Dietary intake was assessed using the DQES-V3.1 from Cancer Council of Victoria [390]. 
The questionnaire assesses intake of foods and beverages over the previous 12 months. 




Australian NUTTAB 95 (Food Standards Australia New Zealand, Canberra, 1995) food 
composition database. For each study participant, the amount of food items consumed per 
day was calculated in grams and aggregated into 39 food groups [295]. 
At Stage 2 of the NWAHS, sex, age and family history of osteoporosis were assessed. 
Annual household income was determined and categorized as up to $20,000, $20,001–
$40,000, $40,001–$60,000, and more than $60,000. Marital status was classified as 
married or living together with partner (in union), separated/divorced, widowed or never 
married. Alcohol risk was assessed using frequency and number of standard drinks [361]. 
Smoking was defined as non-smokers, ex-smokers and current smokers. Height and 
weight of the study participants were measured during the clinic assessment. BMI was 
calculated and classified based on the WHO standard [362]. Participants with diabetes 
were identified by either self-report or laboratory diagnosis using blood samples collected 
at the clinic visit. 
Assessment of leisure time PAL was undertaken using the Australian NHS questions 
[363], considering the number of times a person exercised in the last two weeks and the 
total amount of time spent walking or doing moderate or vigorous exercise at Stage 2. 
Job-related PAL was also assessed based on the type of profession. Detailed methods of 
both forms of PAL are published elsewhere [364]. Medication use (for hypertension, high 
cholesterol, mental health problems and asthma) and sun light exposure were also 
assessed at this stage. 
At Stage 3, health literacy was assessed using the Newest Vital Sign test tool [365]. For 
31 cases with missing values, we used data collected from the sTOFHLA tool [366], 





The number of missing values for each variable includes smoking status (n = 5 cases), 
alcohol risk (n = 39), diabetes (n = 5), family history of osteoporosis (n = 4), marital 
status (4), leisure time PAL (n = 128), job-related PAL (n = 129), total energy (n = 48) 
and health literacy (n = 31). We excluded all cases which had at least one missing value 
of these variables from the analysis (n = 388, 32.8%). 
Prodigy and DPX +  DXA (GE Lunar, Madison, WI) was used to assess whole body 
BMD/BMC as part of the clinic visit at Stage 2. Details of the DXA measurement 
procedures can be found elsewhere [367]. BMD and BMC were reported as grams/cm2 
and grams, respectively. T-scores for BMD were also reported for each study participant. 
Study participants who were osteopenic or osteoporotic (T-scores of less than -1) [58] 
were classified as having low BMD. 
Response variables for PLS and RRR analyses 
To identify potential response variables, we reviewed previously published studies and 
chose the dietary intake of four nutrients (protein, calcium, potassium and vitamin D). 
These nutrients have been strongly linked with bone mass [43, 153, 439-441]. Diet was 
also found to be a considerable source of vitamin D in the study population [mean 
intake = 3.5 mcg/day (140 international unit/day)]. We calculated the percentage of 
energy from total protein intake, and calcium, potassium and vitamin D densities and used 
these values as response variables. The percentage of energy from total protein intake was 
calculated as follows: total energy intake from protein (kJ) divided by total energy intake, 
multiplied by 100. Calcium, potassium and vitamin D densities were expressed as 
absolute intakes of calcium (mg/day), potassium (mg/day) and vitamin D (ng/day), 







To reflect the larger population dietary intake, factor scores and dietary patterns were 
calculated and constructed for 2453 study participants after excluding 47 participants who 
had a significant amount of missing dietary data. Data reduction techniques using PCA, 
PLS and RRR were used to identify dietary patterns out of 39 food groups. Using PCA, 
a similar number of factors (39 factors) to food groups were produced; however, we 
retained four factors, of which the first two were chosen based on scree plot, an eigenvalue 
(>1) and interpretability. These two factors were used to investigate the association 
between dietary patterns and bone mass as only these gave meaningful interpretations of 
the dietary groups [378]. Varimax rotation was applied, and sample adequacy was 
checked using the KMO test. Linear regression analysis of the factor scores and response 
variables described above (percentage of energy from total protein intake, calcium, 
potassium and vitamin D densities) was used to obtain the variance of the response 
variables explained by the two factors of PCA. An explained variance measures the 
proportion of variation of a dietary pattern that can be attributable to the food groups or 
response variables (in this case, nutrients). 
The PROC PLS statement in SAS (SAS Institute Inc., Cary, NC, USA) was used to 
conduct both PLS and RRR analysis, defining each in turn in the “method=” [259]. In the 
analysis, we used a dietary data file containing the 39 food groups coded as fg1, fg2…fg39 
and the four response variables. Four factors were specified and retained in each method. 
Different algorisms are applied to construct the scores in each of the three methods. For 
each method, we calculated the continuous factor scores [the linear functions of food 





In PCA, the factors explain as much variation as possible of the food groups [438]. Unlike 
PCA, RRR uses a covariance matrix of responses and predictors (food groups) in 
calculating the scores. PLS combines the two methods and produces scores considering 
both the predictor (food group) and response matrixes simultaneously [259]. In this case, 
the explained variance of both the response variables and food groups is expected to be 
between the other two methods. Tertiles [T1 (lowest intake), T2 and T3 (highest intake)] 
of each of the factor scores were constructed. Factor loadings of each food group on the 
factors were also calculated. Factor loadings are the correlation between the factors and 
food groups. The proportion of factor-specific and all factor variances across all three 
methods that explain the response variables and food groups was also determined. 
Correlations (response scores) between the factors of each method and the response 
variables were computed. Pearson correlation coefficients for the response variables were 
also calculated. 
Descriptive analysis and modelling 
Mean and standard deviation (for continuous normally distributed variables), median and 
interquartile ranges (for continuous non-normally distributed variables) and proportions 
(for categorical variables) were calculated. The tertiles of factor scores produced by PCA, 
PLS, and RRR analyses were used to assess the association of dietary patterns with bone 
mass. We applied linear regression models to evaluate the associations between tertiles 
of each factor scores, and BMD and BMC. The initial models (model 1) were adjusted 
for sex and age. Model 2 was additionally adjusted for socio-economic and lifestyle 
factors (income, marital status, smoking, alcohol intake, health literacy, leisure time and 




and BMI) and height (BMC). The last model (model 3) was additionally adjusted for total 
energy intake to assess the potential confounding effect of energy intake in the 
associations. To compare the relative quality of the models, AIC was determined for each 
model. 
Trend of associations across tertiles of each factor was assessed by entering the tertiles of 
factor scores as continuous variables in the models. Additional adjustments for 
medications, season of DXA measurement, sunlight exposure and dietary supplements 
did not materially affect estimates and were not retained in the final models. PLS and 
RRR analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, North 
Carolina). All other statistical analyses were conducted with Stata/SE version 14.1 
(StataCorp, College Station, TX, USA). 
Comparison of methods 
Previous studies have used different approaches to evaluate and compare dietary 
assessment methods [53, 259]. In this study, we compared PCA, PLS and RRR methods 
mainly based on the relative loading of food groups within each dietary pattern and its 
association with bone mass [442]. We additionally evaluated the methods based on the 
magnitude of variances of each method that explained the response variables and food 
groups. 
Ethical considerations 
Ethics approval for the NWAHS was provided by The Queen Elizabeth Hospital, Ethics 





A total of 1182 (45.9%, males) study participants provided dietary and BMD data. In the 
multivariable analysis, we excluded those who had missing data from covariates, leaving 
a total of 794 (67.2%) of participants. The median age of the participants was 62 years 
(interquartile range = 56.0, 69.0). One-fifth (19.2%) of the participants reported a family 
history of osteoporosis (Table 8.1). 
Dietary patterns 
Food groups are provided in the Supplementary Table 5.1 and Supplementary Table 8.1. 
Factor loadings (standardized correlations of the food groups with the dietary patterns) 
derived by PCA, PLS and RRR methods are shown in Figure 8.2. The first factor (dairy, 
vegetables and fruit pattern—‘prudent’ pattern) was similar across the three methods and 
was characterized primarily by a high intake of medium fat dairy, vegetables and fish and, 
a low intake of soft drinks, processed meat and take away foods. Factor 2 of each of the 
three methods was also similar in terms of the constituents of the food groups. Factor 2 
(‘Western’ pattern) of the PCA method was characterized by a high intake of processed 
meat, take away foods, white bread, red meat and soft drinks and a low intake of dairy 
products and nuts. Factor 2 (‘Western’ pattern) of the other two methods was 
characterized by a high consumption of animal foods (poultry, eggs, red and processed 





Table 8.1 Participants’ characteristics of adults 50 years and above, South Australia 
(n = 1182) 




sex Male 543 (45.9%) 
Age category (years) 50-59 years 513 (43.4%)  
60-69 years 400 (33.8%)  
70 and above 269 (22.8%) 
Age in years, median (IQR) 
 
62.0 (56.0, 69.0) 
Monthly income category  Up to $20,000 352 (29.8%)  
$20,001-$40,000 361 (30.5%)  
$40,001-$60,000 203 (17.2%)  
More than $60,000 206 (17.4%)  
Missing  60 (5.1%) 
Marital status  Married or living with a partner 779 (65.9%)  
Separated / Divorced 196 (16.6%)  
Widowed 154 (13.0%)  
Never married 45 (3.8%)  
Missing 8 (0.7%) 
Smoking status Non smoker 581 (49.2%)  
Ex-smoker 476 (40.3%)  
Current smoker 120 (10.2%)  
Missing 5 (0.4%) 
Alcohol risk level Non-drinkers, no risk 609 (51.5%)  
Low risk 474 (40.1%)  
Intermediate to very high risk 60 (5.1%)  
Missing 39 (3.3%) 
Leisure time PAL Sedentary/low 667 (56.4%)  
Moderate/high  387 (32.7%)  
Missing 128 (10.8%) 
Work related PAL Sedentary/light 581 (49.2%)  
Medium/heavy 472 (39.9%)  
Missing 129 (10.9%) 
Health literacy  Limited 402 (34.0%)  
Adequate 715 (60.5%)  
Missing 65 (5.5%) 
Diabetes mellitus  no 1040 (88.0%)  
yes 137 (11.6%)  
Missing 5 (0.4%) 
Family history of osteoporosis  Yes 227 (19.2%)  
No 951 (80.5%)  
Missing 4 (0.3%) 
Bone mineral category  Normal  299 (25.3%)  
Pre-obese  524 (44.3%)  
Obese  359 (30.4%) 
Body mass index, mean (SD) (kg/m2) 
 
28.2 (4.7) 
Total energy, mean (SD), (kJ/day) 
 
8665.4 (2611.3) 
Percent of energy from protein, mean (SD)  18.6 (3.3) 
Protein (g/d), mean (SD)  94.5 (34.0) 
Calcium density, mean (SD), (mg/kJ/day)   0.4 (0.1) 
Calcium (mg/d), mean (SD)  878.6 (329.1) 
Potassium density, mean (SD), (mg/kJ/day)  1.9 (0.4) 
Potassium (mg/d), mean (SD)  3919.9 (1452.4) 
Vitamin D density, mean (SD), (ng/kJ/day)  1.7 (0.9) 
Vitamin D (mcg/d), mean (SD)  3.5 (2.0) 
Bone mineral density, mean (SD) (mg/cm2)   
 
1195.6 (118.4) 
DXA T-score, mean (SD) 
 
0.34 (1.32) 
Bone mineral content, mean (SD) (g) 
 
2755.4 (550.8) 
Low bone mineral density  
 
188 (15.9%) 
Height, mean (SD) (cm) 
 
166.7 (9.5) 





Figure 8.2 Factor loadings of food groups in dietary patterns identified using 
principal component analysis, partial least-squares and reduced-rank regressions, 
the North West Adelaide Health Study, South Australia (n = 2453)  
[The colour gradation denotes the strength and direction of the correlation between the food groups and the 
dietary patterns. Deep green colour represents a relatively higher correlation (a higher intake) of the food 
groups with the corresponding dietary patterns. Deep red represents relatively a lower correlation (a lower 
intake) of the food groups with the corresponding patterns.] 
Factor 3 (dairy pattern) was generally characterised by a high intake of dairy products; 









































































































































Medium fat dairy 0.39 -0.05 0.33 -0.19 0.35 0.03 0.57 -0.39 0.04 -0.3 
Fruity vegetables 0.75 0.07 0.33 0.01 -0.31 0.21 0.18 -0.16 -0.09 0.35 
Stalk vegetables 0.58 -0.05 0.28 0.07 -0.27 0.11 0.14 -0.07 -0.06 0.23 
Leafy vegetables 0.61 -0.01 0.27 0.10 -0.26 0.14 0.17 -0.07 -0.08 0.28 
Cabbages 0.53 0.12 0.27 0.04 -0.22 0.10 0.20 -0.09 -0.08 0.28 
Root vegetables 0.54 0.16 0.26 -0.06 -0.25 0.12 0.13 -0.14 -0.05 0.26 
Other fruits 0.55 0.06 0.23 -0.15 -0.27 0.08 0.05 -0.15 0.05 0.29 
Potato without fat 0.28 0.18 0.15 -0.07 -0.13 0.03 0.08 -0.08 -0.01 0.15 
Tea and water 0.37 0.42 0.13 -0.10 -0.14 0.05 0.12 -0.11 0.09 0.16 
Citrus fruit 0.28 -0.08 0.13 -0.09 -0.15 0.03 0.05 -0.08 0.02 0.15 
Nuts dairy 0.39 -0.13 0.12 -0.16 -0.15 0.14 -0.05 -0.14 0.03 0.06 
Fish 0.36 0.14 0.12 0.34 -0.18 0.03 0.18 0.39 -0.17 0.15 
Legumes 0.31 0.02 0.10 -0.01 -0.14 0.09 0.05 -0.05 -0.03 0.13 
High fibre cereal 0.09 -0.04 0.08 0.03 0.02 -0.02 0.08 -0.03 0.00 0.03 
Sugar 0.46 0.54 0.07 -0.33 -0.17 0.12 -0.01 -0.17 0.27 0.01 
Tomato sauce 0.28 0.28 0.07 0.09 -0.17 0.17 0.04 -0.01 -0.08 0.15 
High fibre bread 0.24 0.16 0.06 -0.16 -0.15 0.04 -0.08 -0.02 0.10 -0.06 
Other cereal 0.17 0.18 0.06 -0.14 -0.06 -0.01 0.00 -0.06 0.07 -0.03 
Coffee -0.02 0.17 0.05 0.08 0.01 -0.11 0.18 -0.02 0.01 0.25 
Poultry 0.18 0.28 0.04 0.37 0.10 0.33 0.11 0.1 -0.48 -0.10 
Wine 0.00 0.01 0.01 0.11 -0.04 0.14 -0.03 0 -0.10 0.06 
Juice 0.18 0.25 0.00 -0.11 -0.12 0.11 -0.05 -0.06 0.00 0.11 
Eggs  0.08 0.19 -0.02 0.14 -0.13 0.02 -0.01 0.16 -0.05 0.00 
Flavoured milk 0.01 0.06 -0.03 -0.15 0.15 -0.06 0.07 -0.1 0.15 -0.24 
Saturated spread 0.01 0.14 -0.04 -0.12 -0.08 0.06 -0.12 -0.06 0.06 -0.05 
Jam and vegemite 0.13 0.49 -0.04 -0.18 -0.18 0.18 -0.13 -0.04 0.02 0.05 
Potato with fat -0.06 0.24 -0.04 -0.07 -0.05 0.05 -0.07 -0.03 0.02 0.04 
Red meat 0.09 0.44 -0.04 0.38 0.04 0.39 0.02 0.17 -0.57 -0.11 
Pasta and rice 0.13 0.01 -0.04 -0.04 -0.10 0.18 -0.16 -0.02 -0.04 -0.06 
peanut butter 0.13 0.20 -0.05 -0.15 -0.10 0.18 -0.15 -0.04 -0.01 -0.06 
Spirits -0.09 0.04 -0.07 0.07 0.04 -0.02 0.00 0.07 -0.02 -0.04 
Snacks 0.02 0.54 -0.13 -0.28 -0.05 0.28 -0.29 -0.11 0.08 -0.17 
Beer -0.13 0.34 -0.16 0.07 -0.06 0.07 -0.15 0.1 -0.02 -0.04 
Unsaturated spread -0.09 0.43 -0.16 -0.10 -0.12 0.05 -0.20 0.13 0.11 -0.09 
Soft drinks -0.15 0.32 -0.17 -0.13 0.03 0.11 -0.21 -0.01 0.02 -0.14 
Processed meat -0.06 0.59 -0.18 0.14 -0.01 0.31 -0.14 0.15 -0.22 -0.14 
Take away foods -0.13 0.51 -0.22 -0.04 -0.03 0.23 -0.22 0.08 -0.08 -0.14 
High fat dairy -0.23 0.19 -0.22 0.19 -0.29 -0.40 -0.01 0.6 0.40 0.05 




(vegetables and fruit pattern) was primarily characterized by a low intake of dairy 
products and a high consumption of vegetables (Figure 8.2). The intake of major foods 
and nutrients across tertiles of dietary patterns is provided in the Supplementary Table 
8.1, Supplementary Table 8.2 and Supplementary Table 8.3. 
Explained variations in response variables and food groups 
The two factors of PCA explained 37.1% of the response variable variation (proportion 
of energy from protein, calcium, potassium and vitamin D densities). Both PLS (75.5%) 
and RRR (70.6%) explained a larger amount of variation in the response variables. In 
PLS and RRR, the largest explained variations of responses were observed in vitamin D 
(65.2%) and calcium (80.0%) densities, respectively. Potassium density was the most 
explained response in the other two methods (22.7% in PCA and 43.4% in PLS) in the 
‘prudent’ pattern; however, calcium density was the most explained (56.5%) response in 
RRR (Table 8.2). 
Using PLS, 21.1% of variation in predictors (food groups) was found, compared to 16.7% 
of PCA and 14.0% of RRR. Whereas factor 1 explained 10.3% of variation of predictors 
in PCA, only 3.4 and 7.3% variations were explained by this factor for RRR and PLS, 
respectively (Table 8.2). 
The correlation (response scores) between factors and response variables estimated using 
PCA, PLS and RRR methods are depicted Figure 8.3. Factor 1 of the PCA was positively 
correlated with protein energy, calcium and potassium densities. Using PLS, the 
proportion of energy from protein was positively correlated with all factors. RRR analysis 
estimated a positive correlation between calcium density and factors 1 and 3. We also 
found positive and moderate correlations among proportion of energy from protein, 








Table 8.2 Explained variation in responses and food groups in dietary patterns identified using principal component analysis, partial least-
squares regression and reduced-rank regression in aging people, South Australia 
aThese are results from factors 3 and 4 of principal component analysis. Factors 3 and 4 of Principal component analysis were neither interpretable nor considered in the analysis 
that assesses the association between dietary patterns and bone mass. We present the explained variations due to these factors for comparison purpose in brackets.  
Dietary 
pattern 
Explained variation in responses Explained variation in 
food groups 
















































































































































































































































‘Prudent’ 2.1% 3.8% 22.7% 3.3% 24.9% 7.0% 18.6% 43.4% 6.0% 18.8% 26.2% 56.5% 29.0% 1.4% 28.3% 7.3% 3.4% 10.3% 












(8.1%)a 9.5% 16.1% 0.3% 12.6% 
 






























































(62.4%)a 61.1% 56.8% 47.1% 65.2% 
 













Figure 8.3 Correlation (response scores) between factors and response variables 
obtained from principal component analysis, partial least-squares and reduced-







































































































































Dietary patterns and bone mass 
Table 8.3 provides the different associations of factors identified by PCA, PLS and RRR 
with BMD and BMC. In the most adjusted models, none of the factors of PCA was 
significantly associated with bone mass; and more dietary factors determined by RRR 
compared to PLS were found to be associated with BMD and BMC. However, in all 
methods, the coefficients increased across tertiles of the ‘prudent’ and dairy patterns, and 
decreased across the tertiles of vegetables and fruit patterns. Participants in T3 of 
vegetables and fruit pattern determined by PLS had a 17.3 mg/cm2 (β = −17.29; 95% CI: 
−34.0, −0.58) decrease in BMD compared to those in T1 (model 3). No significant 

















Table 8.3 Coefficients (β) [95% confidence interval (CI)] for BMD and BMC and tertiles of factors derived using principal component 
analysis, partial least-squares and reduced-rank regressions (n = 794) 
 
 BMD, mg/cm2 BMC#, g 
 T1 T2 T3 P-trend AIC T2 T3 P-trend AIC 
 Principal component analysis 
Model 1          
‘Prudent’ pattern Ref. 3.94 (-13.73, 21.60) 9.68 (-7.78, 27.15) 0.276 9601 43.80 (-25.94, 113.55) 44.20 (-24.76, 113.16) 0.210 11782 
‘Western’ pattern Ref. -18.14 (-35.90, -0.39)* 0.19 (-18.10, 18.48) 0.962 9597 -71.00 (-140.98, -1.03)* 33.34 (-38.75, 105.43) 0.349 11775 
Model 2          
‘Prudent’ pattern Ref. -0.74 (-16.87, 15.39) 8.65 (-7.64, 24.94) 0.293 9438 -9.48 (-62.42, 43.46) 1.23 (-52.28, 54.73) 0.959 11324 
‘Western’ pattern Ref. -10.80 (-26.90, 5.30) 2.04 (-14.57, 18.66) 0.794 9437 -25.88 (-78.65, 26.89) 12.91 (-41.62, 67.44) 0.635 11322 
Model 3           
‘Prudent’ pattern Ref. -2.50 (-18.91, 13.92) 4.25 (-13.74, 22.24) 0.649 9439 -12.48 (-66.38, 41.41) -6.30 (-65.40, 52.81) 0.831 11326 
‘Western’ pattern Ref. -15.33 (-32.35, 1.68) -8.45 (-29.46, 12.56) 0.403 9436 -28.41 (-84.28, 27.46) 7.04 (-62.01, 76.10) 0.878 11324 
Partial least-square 
Model 1          
‘Prudent’ pattern Ref. -0.32 (-17.75, 17.10) 15.76 (-2.11, 33.63) 0.087 9598 7.62 (-61.15, 76.39) 78.85 (8.33, 149.38)* 0.030 11778 
‘Western’ pattern Ref. -9.37 (-26.81, 8.06) 3.70 (-13.69, 21.10) 0.678 9600 -19.18 (-88.14, 49.77) -5.59 (-74.41, 63.23) 0.873 11784 
Dairy pattern Ref. 9.16 (-8.37, 26.69) 12.09 (-5.34, 29.53) 0.175 9600 17.37 (-51.92, 86.66) 41.49 (-27.42, 110.40) 0.237 11782 
Vegetables and fruit pattern Ref. 8.40 (-9.03, 25.83) -3.01 (-20.48, 14.47) 0.741 9600 22.17 (-46.68, 91.01) -30.77 (-99.79, 38.24) 0.385 11782 
Model 2          
‘Prudent’ pattern Ref. -6.02 (-21.95, 9.91) 14.87 (-1.69, 31.42) 0.081 9433 -3.73 (-56.08, 48.61) 30.22 (-24.30, 84.74) 0.281 11323 
‘Western’ pattern Ref. -13.22 (-28.85, 2.41) -2.96 (-18.75, 12.82) 0.699 9436 -8.17 (-59.49, 43.15) 11.80 (-40.05, 63.64) 0.660 11324 
Dairy pattern Ref. -0.19 (-16.08, 15.70) 4.28 (-11.58, 20.15) 0.592 9439 -18.52 (-70.51, 33.48) 16.75 (-35.16, 68.67) 0.515 11323 
Vegetables and fruit pattern Ref. -1.19 (-17.00, 14.62) -12.25 (-28.31, 3.81) 0.135 9437 17.62 (-34.12, 69.36) -41.84 (-94.37, 10.70) 0.119 11319 
Model 3          
‘Prudent’ pattern Ref. -6.02 (-21.94, 9.91) 13.71 (-2.95, 30.37) 0.113 9433 -3.73 (-56.11, 48.65) 28.95 (-25.96, 83.85) 0.308 11324 
‘Western’ pattern Ref. -11.07 (-27.05, 4.91) -0.72 (-16.88, 15.44) 0.948 9437 -4.74 (-57.22, 47.74) 15.38 (-37.71, 68.48) 0.564 11325 
Dairy pattern Ref. 4.77 (-12.04, 21.59) 9.47 (-7.40, 26.33) 0.269 9438 -12.65 (-67.78, 42.48) 22.88 (-32.44, 78.20) 0.369 11324 
Vegetables and fruit pattern Ref. -2.47 (-18.30, 13.36) -17.29 (-34.00, -0.58)* 0.045 9434 15.12 (-36.76, 67.00) -51.53 (-106.33, 3.27) 0.073 11319 
Reduced-rank regression 
Model 1          
‘Prudent’ pattern Ref. 28.02 (10.84, 45.19)** 30.58 (13.07, 48.08)** 0.001 9587 88.92 (20.99, 156.84)* 122.00 (52.78, 191.22)** 0.001 11771 
‘Western’ pattern Ref. -12.37 (-29.59, 4.85) -10.97 (-28.62, 6.67) 0.217 9600 -25.91 (-94.02, 42.20) -16.01 (-85.80, 53.78) 0.645 11783 







 BMD, mg/cm2 BMC#, g 
 T1 T2 T3 P-trend AIC T2 T3 P-trend AIC 
Vegetables and fruit pattern Ref. -15.14 (-32.42, 2.13) -16.36 (-34.11, 1.39) 0.070 9598 -85.92 (-154.08, -
17.75)* 
-47.21 (-117.25, 22.83) 0.186 11778 
Model 2          
‘Prudent’ pattern Ref. 20.26 (4.64, 35.88)* 26.84 (10.77, 42.91)** 0.001 9427 45.66 (-5.70, 97.02) 69.40 (16.44, 122.35)* 0.010 11317 
‘Western’ pattern Ref. -9.50 (-25.08-6.09) -8.96 (-24.98, 7.07) 0.268 9438 8.79 (-42.37, 59.95) 14.95 (-37.63, 67.54) 0.576 11324 
Dairy pattern Ref. 6.67 (-9.13, 22.47) 25.46 (9.39, 41.54)** 0.002 9429 14.88 (-37.11, 66.87) 56.34 (3.35, 109.33)* 0.035 11320 
Vegetables and fruit pattern Ref. -9.00 (-24.61, 6.61) -10.14 (-26.27, 5.98) 0.218 9438 -53.71 (-104.79, -2.62)* -27.89 (-80.65, 24.86) 0.302 11320 
Model 3          
‘Prudent’ pattern Ref. 21.36 (5.70, 37.02)** 26.99 (10.94, 43.04)** 0.001 9427 47.14 (-4.42, 98.70) 69.65 (16.67, 122.63)* 0.009 11319 
‘Western’ pattern Ref. -7.55 (-23.39, 8.29) -8.26 (-24.31, 7.78) 0.312 9438 11.82 (-40.21, 63.86) 16.03 (-36.68, 68.74) 0.550 11326 
Dairy pattern Ref. 6.76 (-9.04, 22.56) 24.58 (8.44, 40.72)** 0.003 9429 14.97 (-37.05, 66.99) 55.49 (2.26, 108.73)* 0.040 11321 
Vegetables and fruit pattern Ref. -7.96 (-23.62, 7.71) -10.19  (-26.31, 5.92) 0.215 9437 -52.79 (-104.10, -1.47)* -27.95 (-80.73, 24.84) 0.301 11322 
* P < 0.05;** P < 0.01; AIC – Akaike’s information criterion; BMC - bone mineral content; BMD – bone mineral density; Ref. – reference 
Model 1: adjusted for sex and age 
Model 2: additionally adjusted for socio-economic and lifestyle factors (smoking, alcohol risk, marital status, income, health literacy, leisure time and job related physical 
activity levels), chronic conditions (diabetes mellitus, family history of osteoporosis and body mass index) 
Model 3: additionally adjusted for total energy intake 
#Models 2 and 3 of bone mineral content were additionally adjusted for height (cm). 








In model 3, the ‘prudent’ and dairy patterns of RRR were significantly and positively 
associated with BMD and BMC. Participants in T2 and T3 of ‘prudent’ pattern had a 
21.4 mg/cm2 (β = 21.36; 95% CI: 5.70, 37.02) and 27.0 mg/cm2 (β = 26.99; 95% CI: 
10.94, 43.04) increased BMD than those in T1, respectively. Those in T3 of dairy pattern 
had a 24.6 mg/cm2 (β = 24.58; 95% CI: 8.44, 40.72) higher BMD than those in T1. 
Compared to those in T1 of ‘prudent’ and dairy patterns, a 69.7 g (β = 69.65; 95% CI: 
16.67, 122.63) and a 55.5 g (β = 55.49; 95% CI: 2.26, 108.73) increase in BMC was found 
among participants in T3, respectively. Vegetables and fruit pattern was negatively and 
significantly associated with BMC. Participants in T2 of vegetables and fruit pattern had 
a 52.8 g (β = −52.79; 95% CI: −104.10, −1.47) decrease in BMC compared to those in 
T1. The AIC was comparable across the corresponding dietary patterns of each of the 
dietary analysis methods (Table 8.3). 
Discussion 
We identified and compared dietary patterns (PCA = 2; PLS = 4; RRR = 4 patterns) using 
three analysis methods. The first pattern (‘prudent’ pattern) of all methods was 
characterized by a high intake of dairy products, FV. The second pattern (‘Western’ 
pattern) was characterized by a high intake of fish, poultry, high fat dairy, processed and 
red meat and a low intake of medium fat dairy and FV. In assessing the association 
between factors and bone mass, RRR identified more (plausible) factors which were 
significantly associated with bone mass than the other two methods. 
Whereas the ‘prudent’ pattern of RRR was significantly and positively associated with 
bone mass, the one computed by PCA and PLS was not. This dietary pattern was 
characterized by a high intake of FV and dairy products. In numerous studies, an intake 




392, 443]. However, despite the similarity in contents of the food groups, only the 
‘prudent’ pattern determined by RRR was significantly and positively associated with 
bone mass. In line with this finding, an absence of association between Mediterranean 
dietary pattern derived by PCA and indices of bone mass was reported [284]. 
Furthermore, in the RRR analysis, the correlation of factor scores of ‘prudent’ pattern 
with calcium density—which has an indispensable role as a component of bone mass—
was the highest (0.71) compared to the other two methods (PCA = 0.19 and PLS = 0.50). 
As there was a low correlation between the ‘prudent’ pattern with protein in the PCA and 
PLS, this may also be an explanation for the absence of a significant positive association, 
as evidence suggests that the role of calcium on bone mass is enhanced when there is an 
adequate intake of protein and vice versa [147]. In addition, RRR extracts dietary patterns 
that combine eating behaviours and the pathway to the outcome (through the response 
variables) taking into account the physiological importance. 
Our findings show that the dairy pattern of RRR was positively associated with bone 
mass. However, there was a non-significant positive association across the tertiles of the 
dairy pattern and bone mass with PLS. This could be due to the following reasons. First, 
a careful observation of the factor loadings of FV showed that the intake of FV in the 
RRR analysis was not as low as those in PLS. Second, we also found an inverse 
correlation between potassium and vitamin D densities, and the dairy pattern of PLS. 
With regard to this, evidence has shown a significant positive role of FV [288] as well as 
potassium [384] and vitamin D on bone mass. Third, despite these two methods use 
existing knowledge of the association between nutrients and diseases, the fact that RRR 
mainly focuses on explaining variation in the responses (nutrients) [259] rather than the 
food groups can partly explain why the dairy pattern of RRR analysis is significantly 




Dairy products are the most important food groups which assist in the prevention of 
osteoporosis [443]. In line with this, our finding also supports the importance of dairy 
products in building bone mass. The vegetables and fruit pattern of RRR, which is 
characterized by low consumption of dairy products and high consumption of FV, was 
negatively and significantly associated with bone mass, highlighting the imperative role 
of dairy on bone mass. In our previous study, we have also highlighted the importance of 
dairy products as part of ‘prudent’ dietary pattern [378]. 
Information obtained by PCA can give clearer understanding of dietary patterns within a 
specific population which helps in the formulation of tailored nutrition interventions [444, 
445]. However, PCA does not necessarily explain the variation and amount of nutrient 
intake in the identified patterns, rather it explains the cultural and behavioural aspects of 
food [40]. The effects of diet could be also mediated through specific nutrients which 
cannot be captured by this method [442] and could create difficulty in providing a 
plausible interpretation of findings. In line with this, our results showed that although 
PCA explains the highest variation in food groups (considering all four factors), no factor 
was significantly associated with bone mass in the most adjusted models. This supports 
the view that PCA is unlikely to identify dietary patterns associated with bone mass. The 
selection of the dietary patterns in PCA is subjective, although aided by methods such as 
eigenvalues and scree plots. However, these subjective decisions could introduce a bias 
in identifying the optimal number of dietary patterns. Without due consideration of 
selecting the optimal number of factors, investigators could also miss disease-related 
dietary patterns. Thus, it is important to note that critical evaluation is required when 
selecting the number of patterns using this method. 




method for deriving dietary patterns. In this method, the covariance matrixes of both 
response (nutrients) and predictors (food groups) are explained in the latent variables 
[259]. In the current study, none of the factors identified by PLS was significantly 
associated with BMD and BMC. Although no study has evaluated dietary analysis 
methods in association with bone mass, some studies have used these types of analyses 
for different outcomes. For instance, DiBello et al. claimed that PCA and PLS were found 
to be more appropriate in identifying dietary patterns associated with CVD [53]. 
However, it may be that the differences in the findings of our study and this study could 
be impacted by the disease outcome used and the types of response variables. 
In the current study, we found more dietary patterns associated with bone mass using 
RRR which are plausible in the context of existing evidence. In line with our findings, a 
study by Hoffmann et al. compared PCA, PLS and RRR in identifying dietary patterns 
associated with diabetes and concluded that RRR is the most appropriate method in 
extracting more dietary patterns that are significantly associated with diabetes [259]. RRR 
is also the most commonly used hybrid method in nutritional epidemiology [275, 358]. 
The method is better to explain the dietary patterns in the responses [53] and dietary 
patterns can be evaluated based on the response variables for their plausibility in their 
association with disease outcomes. Although most of the previous studies used a 
posteriori methods [254, 446], in recent years, RRR is being increasingly used in 
identifying plausible dietary patterns associated with bone mass [26, 43, 275, 358]. 
Some limitations should be acknowledged when interpreting the findings. First, dietary 
information was collected between 2008 and 2010 while bone mass was determined 
between 2004 and 2006 with a 4.3-year median difference (minimum = 2.8 and 




food groups have been found to be stable over years [371], eating behaviours of the study 
participants, particularly change of behaviours towards a healthy pattern among 
participants diagnosed with chronic diseases, could exist. In addition, since study 
participants were told the result of DXA measurements, those who knew they had low 
BMD could also change their behaviour towards a favourable diet. Thus, the association 
between a dietary pattern and bone mass in our study may be underestimated. To 
investigate the effect, we did a sensitivity analysis by dividing study participants into two 
groups based on the median gap of time (i.e. early and late measures of dietary data after 
bone mass measurement). The estimates of associations for the early measures were either 
consistent or stronger compared with the whole sample. On the other hand, estimates of 
participants with late measures were attenuated, further highlighting the underestimated 
associations between the dietary patterns and bone mass. 
Although FFQs have limitations in providing valid dietary information, they are 
commonly used to measure the usual dietary habits [374]. In this regard, measurement 
error for every diet component will tend to underestimate the effects in the statistical 
analysis [292]. However, in the presence of correlation between dietary variables, the 
direction of bias associated with measurement error is unknown [447, 448]. Furthermore, 
in ranking intake levels of dietary components, FFQ is relatively robust [40]. Recall bias 
is also another potential limitation associated with FFQ. 
In conclusion, although PCA, PLS and RRR are similar in terms of their mathematical 
foundations (use of covariance matrix to reduce dimensionality) and extraction of factors 
that are not correlated, studies have reported different recommendations regarding their 
utility. In this particular study, RRR was found to be more appropriate in identifying 




Nevertheless, the advantage of RRR over the other two methods (PCA and PLS) should 
be confirmed in future studies in different settings, population groups, response variables 
and disease outcomes. 
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CHAPTER 9 DISCUSSION, FUTURE 












9.1 Summary of findings 
The findings in this thesis can be summarized in three major parts: 1) the impact of 
suboptimal diet on the current burden of NCDs; 2) associations of dietary/nutrient 
patterns with BMD/BMC and fracture risk; 3) evaluation of dietary pattern analysis 
methods (PCA, PLS and RRR). The results reveal that a fifth of NCD and 42.3% of CVD 
deaths, and one-tenth of NCD DALYs were attributable to dietary risk factors in 
Australia. Diet-related burden of diseases is higher in male adults compared to their 
female counterparts. Diets low in FV, nuts and seeds and whole grains and high sodium 
were the most common contributors. A low intake of healthy dietary components 
contributes to the majority of the NCD burden.  
The main findings of the association between dietary/nutrient patterns with 
musculoskeletal outcomes are summarized in Figure 9.1. The findings show that a 
‘prudent’ dietary pattern characterized by a high intake of FV, medium fat diary is 
beneficial in preventing low BMD. On the other hand, a ‘Western’ dietary pattern, 
characterized by a high intake of processed, takeaway foods and soft drinks is associated 
with low BMD. In general, milk and FV are indispensable components of a dietary pattern 
that benefits bone mass in aging adults.  
A modern dietary pattern (characterized by a high intake of fast food, eggs, deep fried 
foods, milk and fruit, and a low intake of vegetable and rice) was positively associated 
with bone fracture in the Chinese population. Although this pattern was positively 
correlated with milk intake, in general, milk consumption was minimal in the study 
population. In addition, this pattern was positively correlated with animal-sourced 
nutrient pattern (a high intake of protein, total fat and riboflavin (B2); and a low intake of 


















[The colour gradation reflects how big and in which direction was the correlation of the food groups and nutrients with the patterns. A deep green colour refers to a relatively 
higher correlation or factor loading (higher intake) of the food groups and nutrients within the dietary and nutrient patterns, respectively. A deep red colour refers to a relatively 
lower correlation or factor loading (a lower intake) of the food groups and nutrients with the patterns. “+” indicates a positive association. “-” indicates a negative association. 
“Nu” indicates no statistically significant association. BMC – bone mineral content; BMD – bone mineral density; CHNS – Chana Health and Nutrition Survey; NWAHS – 














It is also important to note some inconsistent findings of the associations between dietary 
patterns and BMD/BMC when different dietary analysis methods are used. As such, RRR 
was found to be more appropriate than PCA and PLS in identifying plausible dietary 
patterns associated with BMD and BMC. Plausible dietary patterns are characterized by 
a high intake of food items that contain nutrients and non-nutritive substances which are 
biologically known to have a positive contribution to bone mass.  
In addition to dietary patterns that mirror overall sociodemographic, lifestyle and health-
related behaviours, exploring the association between nutrient patterns with bone 
fragility, advances the understanding how diet is related with disease outcomes and helps 
to mechanistically understand the pathophysiological basis. In this thesis, a mixed-source 
nutrient pattern (characterized by a high intake of potassium, calcium, retinol and vitamin 
B12) was shown to be positively associated with BMD. Conversely, an animal-sourced 
nutrient pattern was positively associated with a greater risk of bone fracture. 
Components of dietary and nutrient patterns are also important to further interpret 
findings and to identify foods and nutrients that are more important in association with 
bone fragility. Figure 9.1 summarizes the relative contribution of foods and nutrients to 
dietary and nutrient patterns in studies CHAPTER 5, CHAPTER 6, CHAPTER 7 and 
CHAPTER 8. In general, while a high intake of dairy, FV, fish and legumes is pivotal for 
bone health, a high intake of poultry, red and processed meat, snacks, beer, soft drinks, 
spreads, takeaways foods and white bread are detrimental foods. Any dietary pattern 
without fruit or/and dairy products is harmful, or not beneficial, to bone health. Food 
patterns characterised by these food items are nutrient dense. In this thesis, a high intake 
of phosphorous, potassium, niacin, riboflavin, magnesium, fibre and calcium was 




with nutrient patterns and investigating their associations with bone fragility is also 
highlighted in further exploring potential mechanism between diet and bone health. 
Further, a range of factors, including sociodemographic, lifestyle and chronic conditions, 
were considered in assessing the association between diet and bone fragility. Figure 9.2 
shows the association of diet with BMD, BMC and bone fracture, and clustering with 
other sociodemographic, lifestyle and chronic conditions. There are also correlations 
between dietary and nutrient patterns. For instance, there is a positive correlation between 
‘prudent’ dietary and mixed-source nutrient patterns both of which are positively 
associated with bone mass.   
 
Figure 9.2 Associations of dietary/nutrient patterns with bone mass and bone 
fracture risk and clustering of sociodemographic and lifestyle factors 
[“P” indicates a positive association. “N” indicates a negative association. “+” indicates a positive 







9.2 Impact of diet on the burden of disease 
The study in CHAPTER 4 extends the understanding of the effects of diet on the current 
burden of disease at community level in terms of disabilities and deaths. There have been 
a range of population-based interventions to improve dietary habits [336, 344]. However, 
despite these interventions, this study reveals the high burden of NCDs due to dietary 
factors. Considering the burden of disease attributable to specific dietary components, 
designing tailored and comprehensive interventions is needed. These interventions may 
further create synergy with other interventions, such as measures to reduce metabolic 
risks of NCDs, because these factors are the ones through which diet can have an 
association with disease outcomes. Extension and implementation of dietary 
interventions and strategies, and evaluating the measures used to reduce diet-attributable 
diseases and economic burden should be the focus areas. Further, I suggest that diet 
(nutrition) should be considered as a core training program in clinical training and practice 
for three reasons: 1) diet is a modifiable risk factor; 2) there are effective interventions to 
improve dietary behaviours at community and individual levels; and 3) dietary risk factors 
are the main contributors (both at individual and community levels) for the current NCD 
burden. 
9.3 Potential mechanisms for the link between diet and bone 
fragility 
There are two potential mechanisms how diet affects bone fragility: 1) direct effect of 
foods and nutrients on the bone and/or; 2) indirectly through, a) inflammation, b) 
endogenous acid load, c) its effect on skeletal muscle mass and strength, d) the link with 





Figure 9.3 Potential mechanisms which diet is associated with bone fragility 
9.3.1 Direct effect of diet on bone fragility 
Diet plays a direct role in determining bone fragility through nutritive and non-nutritive 
substances. FV and dairy contain most important nutrients that are indispensable and 
main constitutes of the bone matrix, such as calcium, vitamin D, potassium, magnesium 
and phosphorus [182]. These dietary components and nutrients are the core constituents 
of dietary and nutrient patterns that are positively associated with an increased bone mass 
in the studies included in this thesis. In addition to these, non-nutritive substances, such 
as dietary phytoestrogens [214], may contribute to this mechanism. Like any other tissues, 
bone cells are responsible for building or deposition of bone tissue and these functions 
are mainly dependent on nutrients and non-nutritive substances. For instance, the 
production of bone matrix require nutrients, such as protein, vitamin C, D and K. In 
addition, calcium, magnesium phosphorous and potassium are used in bone matrix 




Intake of diets that constitute nutrients and non-nutritive substances and are important for 
bone health is low. For instance, FV consumption is low worldwide [50] and in Australia 
[330]. In addition, diet has been more frequently linked with metabolic diseases and less 
commonly associated with bone fragility in literature and policies [20, 414]. However, 
this phenomena should be changed so that dietary components are considered as major 
risk factors for bone fragility in addition to calcium and vitamin D. Interventions should 
target aging adults to encourage consumption of recommended levels of FV, dairy 
products and other healthy foods to prevent bone fragility. Achieving optimal bone mass 
(both amount and quality) at an early age by consuming the important dietary components 
should also be one of the strategies to decrease the burden of bone fragility in later life 
[19].  
9.3.2 Indirect effect of diet on bone fragility 
It is also equally important to consider the indirect pathophysiological pathways and 
impact of diet on bone health. Pro-/anti-inflammatory properties of diet and nutrients may 
have indirect effects [36] through stimulating or suppressing osteoclast activity. The 
activities of osteoclasts are affected by a systematic inflammation as a result of C-reactive 
protein and E-selectin [430]. In this thesis, dietary patterns that are characterized by a 
high intake of takeaway foods, snacks, soft drinks, and red meat (‘Western’ pattern) are 
positively associated with low BMD. A mixed-source nutrient pattern that is 
characterized by a high intake of calcium, vitamin D, potassium, magnesium and 
phosphorus is also positively associated with BMD. On the other hand, an animal-sourced 
nutrient pattern was positively associated with bone fracture. A previous study that 
included approximately half of the participants of NWAHS indicated that an animal-
sourced nutrient pattern was found to be pro-inflammatory [385]. In this thesis, the 




fractures (CHAPTER 7) and a mixed-source nutrient pattern was positively associated 
with bone mass (CHAPTER 6). These show that a diet that balances nutrient intake from 
both animal- and plant-sources is optimal for bone health. Future studies that assess the 
associations of diet and bone health should consider the inflammatory properties of food 
and nutrient constituents in addition to their direct role. 
On the other hand, diet could affect endogenous acid load which in turn affects bone mass 
and fracture risk [423, 449]. Although dietary acid load was not assessed in the studies of 
this thesis, modern and ‘Western’ dietary and animal-sourced nutrient patterns, which are 
characterized by a high intake of food items (such as red meat) and nutrients (such as 
protein) that increase endogenous acid load [429], were positively associated with bone 
fragility. Balancing those food items and nutrients with alkaline producing diets may 
buffer the endogenous acid production and offset the effect on bone fragility [424], which 
is in line with the study in CHAPTER 6, where the mixed-source nutrient pattern is 
positively associated with bone mass.  
Muscle mass/strength could be another pathway through which diet is associated with 
bone health. Diet is associated with muscle mass and this, in turn, could be associated 
with risks of fall and fracture [413, 420]. In this thesis, the ‘Western’ dietary pattern was 
characterized by a high intake of calorie and a low consumption of nutrient-dense food 
items. In a previous study, this dietary pattern was positively associated with low muscle 
strength [420]. Low muscle mass/strength that leads to an increased risk of fractures that 
could also have an association with NCDs (e.g. CVDs and neoplasms) through limiting 
physical activity [6]. This may lead to functionality loss and dependency ultimately 
resulting in multimorbidity and mortality due to NCD [6-9]. However, further evidence 




potential mechanisms through which diet could have an indirect effect on bone fragility. 
9.4 Implications 
The implications of the studies in this thesis are in two parts: implications of the findings 
for nutrition-related interventions in public health and clinical settings and 
methodological implications in nutritional epidemiology. 
9.4.1 Public health and clinical significance 
This thesis addresses one of the most important factors of NCDs with a special focus on 
bone fragility. In general, dietary habits are the most important modifiable behaviour for 
which there are effective interventions. However, tailored utilization of these 
interventions to reduce associated burden of diseases should be expanded and additional 
strategies from other successful risk factor intervention packages, such an anti-smoking 
measure in Australia, could be adopted. In addition to the current focus on reducing 
unhealthy diet consumption, equal or greater attention is required to increase the intake 
of a healthy diet. Clinicians also should consider providing dietary advice in their routine 
practice.  
Comprehensive public health and clinical interventions may lead to a successful reduction 
of diet-related NCD burden and associated costs. The findings in this thesis provide 
unequivocal evidence for the necessity of these interventions and potential areas (in terms 
of identifying the leading dietary risk factors that have a large contribution in the current 
burden of NCDs) of interventions through which diet-related diseases could be effectively 
addressed. 
To prevent NCDs burden in adults and bone fragility in ageing population, diet should be 




impact to improve consumption of healthy diet and reduce intake of unhealthy ones [336, 
344, 348-352]. This thesis highlights the need to implement these interventions and novel 
strategies. Increasing awareness on diet and its health impact should be a main focus and 
utilization of multiple channels of communication, including the application of new 
technologies, is important.  
9.4.2 Methodological significance in nutritional epidemiology 
The thesis also assesses some of the methodological issues, particularly dietary data 
collection and analysis methods. Using baseline and recent dietary data in longitudinal 
studies may lead to a biased association with a disease outcome as they do not reflect a 
habitual intake. On the other hand, future studies that investigate the association of dietary 
and nutrient patterns and disease outcomes should select/compare appropriate statistical 
methods to conduct a dietary pattern analysis. Utilization of these methods in different 
disease outcomes should be evaluated because the findings on a diet-disease association 
may vary due to the application of different dietary analysis methods.  
Interpretation of dietary patterns and their associations with disease outcomes should be 
seen broadly and should not be limited to the patterns only. Thus, it is crucial to cautiously 
evaluate the following six aspects of dietary patterns when investigating their associations 
with disease outcomes. These are: 1) the whole characteristics of dietary patterns and 
appropriate labelling; 2) the relative contribution of each food item within dietary 
patterns; 3) the absolute intake of each food item in a study population and comparison 
with recommended food intakes; 4) complementing a dietary pattern analysis with 
nutrient patterns and investigating the relation between the two and with disease 
outcomes; 5) the food landscape of the community in which the study was conducted; 




over time and its potential impact on health outcomes. 
Dietary patterns provide comparative contributions of food items within an umbrella of 
general food habits. However, considering the absolute intake of each food item is also 
crucial. For instance, in this thesis, a modern dietary pattern (characterized by a high 
intake of fast food, eggs, deep-fried foods, milk and fruit, and a low intake of vegetable 
and rice) was positively associated with bone fracture in the Chinese population. This 
means that the intake of milk was higher in those study participants who had a high 
adherence of this pattern. However, the average consumption of milk was very low (5.8 
mL/day) in the study population. This information provides a further understanding of 
the dietary pattern and its association with bone fracture. 
In addition, the utilization of a complex system model [450] in dietary pattern analyses 
could be a potential approach to include some of the aforementioned aspects of dietary 
patterns. In this case, the drivers of dietary patterns and their multiple interactions (such 
as food policy, economic intervention and agricultural production), the dynamism of 
dietary patterns across lifetime and their consequences can be considered. However, 
features of dietary patterns should not be limited to these aspects only. 
9.5 Limitations 
Although the limitations of each study are detailed in the respective chapters, I mention 
some of the major ones below. Inability to account for correlations among dietary 
components and not be able to allow for time lag in determining diet-related burden of 
NCDs were the major limitations in the first study (CHAPTER 4). In addition, the 
interaction of dietary components and nutrients was not considered in this study. 




comprehensiveness of food and nutrient intakes. This also enables us to consider recipes 
of mixed dishes.  
Cross-sectional analysis of NWAHS data does not enable us to claim causality. However, 
the associations we found in these studies will help future causal investigations between 
diet and bone fragility and contribute to the design of intervention studies. Although FFQ 
is the most common dietary data collection method, it has limitations in measuring usual 
intakes of food and nutrients. However, unlike a single dietary component or nutrient, 
dietary and nutrient patterns reflect relative consumption of foods and nutrients, which 
makes this concern less worrisome. In all studies that assess the association between diet 
and bone fragility in this study, mediation analysis was not conducted. However, we 
interpreted and explained the results considering these factors. Determining the number 
of dietary factors and labelling the components in the dietary data analysis are subjective. 
However, we used the recommended approaches (scree plot, an eigenvalue and 
interpretability) to minimize subjectivity. 
9.6 Future directions 
Future studies should consider incorporating dietary and nutrient patterns simultaneously 
to determine their associations with a disease outcome. Combining these methods will 
provide additional insights on the disease mechanism of diet as only using dietary patterns 
to identify disease aetiology could compromise the understanding of the mechanisms. 
Subjectivity in determining the number of factors to be included in the subsequent diet-
disease association analyses and labelling of the identified factors is another challenge. 
Future studies should focus on addressing these factors by enriching existing methods 
and developing new techniques. Dietary pattern analysis should also consider contextual 




other lifestyle factors [451]. 
There is no common understanding and conceptual framework for dietary/nutrient 
patterns to determine the translation of findings into policy, guidelines and interventions. 
Development of the framework will help to shape and standardize dietary analysis 
methods and consequent translation of findings into interventions. Further, diet is 
multidimensional and dynamic. Therefore, the analysis methods should be able to capture 
these characteristics. Dynamicity (meal timing and frequency), in addition to its 
dimensionality (amount and type), should be considered in investigating the association 
between diet and bone fragility [451]. In this regard, evidence shows the former has a 
major role in diet-disease associations [452].  
Data on the impact of sleep parameters (sleep duration, sleep quality and circadian 
rhythm) on disease outcomes have grown in recent years. Evidence suggests that 
circadian disruption and sleep deprivation cause changes in metabolome and increased 
risk of metabolic syndrome [453]. In addition, the interaction of chorotype (diurnal 
inclination for activities in the morning or evening) and diet has an effect on health 
outcomes, such as cancer risk [454]. Evidence on the association between sleep 
parameters and bone health is scarce. A recent study reported that a short sleep duration 
was positively associated with bone fracture in the Chinese population [88]. However, 
further investigation is required in this matter. In addition, evidence on the interaction 
effect of diet (type and amount of food and timing of meal) and sleep parameters on bone 
health is limited, warranting further studies. 
Tools should be developed and improved to capture the changes of the diet over time and 
other closely related behaviours, including timing of eating and sleep patterns. The 




create the innovative approaches in dietary data collection and analysis is essential. 
Application of machine-learning in nutritional epidemiology should be considered in 
solving challenges related to dietary analysis methods and interpretation of findings. In 
this regard, utilization of machine-learning has been used in identifying dietary patterns 
associated with cardiometabolic risks [455] and this should be applied in musculoskeletal 
health outcomes as well. Extensive evaluation of statistical methods that are applied to 
identify dietary patterns is also warranted. 
Long-term prospective studies with a repeated dietary assessment approach are required 
to extensively evaluate the causal associations between diet and bone fragility, 
particularly BMD and BMC. Associated with this, time-varying models of dietary 
patterns that can account for short- and long-term dynamicity of dietary intake should be 
developed. Further studies on intergenerational and early-life effects of diet on bone 
fragility are needed. 
9.7 Conclusion 
This thesis supports the fact that diet is a major contributor for the current burden of NCDs 
in Australia, particularly in middle-aged males. A low intake of healthy diet is the most 
important contributor which implies that dietary interventions could be benefited if the 
targets are males and healthy dietary components, like FV, whole grains and nuts in 
addition to measures that reduce the consumption of unhealthy diets.  
There is inconsistent evidence on the association between diet and bone fragility. The 
sources of this inconstancy are partially clarified in this thesis. Different factors may 
attribute for this varying evidence, including study design, study population and dietary 




and dairy) and a mixed-source nutrient pattern (potassium, calcium, potassium, fibre and 
protein) are beneficial for bone health, ‘Western’ and modern dietary patterns and an 
animal-sourced nutrient pattern are detrimental factors. These dietary and nutrient 
patterns could have direct and/or indirect effects on the bone. Clustering and correlation 
of other lifestyle factors may also contribute for this associations. Future studies should 
focus on analysing mediators of these associations. Clinical and public health 
interventions to bone health (particularly to prevent bone fragility in population groups 
that are at risk) should consider the importance of diet.  
Dietary data collection and analysis methods are growing areas of nutritional 
epidemiology. Long-term assessment of diet and determining its association with a 
disease outcome may provide unbiased estimates. In evaluating three dietary pattern 
analysis methods (PCA, PLS and RRR), RRR is more appropriate in constructing 
plausible dietary patterns that are associated with bone mass. Despite their wide use in 
the literature, there is a lack of evidence that explicitly assesses the relative advantages 
and disadvantages of using these methods, warranting further methodological evaluation 


























1. Hay SI, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd-Allah F, et al. 
Global, regional, and national disability-adjusted life-years (DALYs) for 333 
diseases and injuries and healthy life expectancy (HALE) for 195 countries and 
territories, 1990-2016: a systematic analysis for the Global Burden of Disease 
Study 2016. Lancet. 2018. 390(10100):1260-344. 
2. Vos T, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd-Allah F, et al. 
Global, regional, and national incidence, prevalence, and years lived with 
disability for 328 diseases and injuries for 195 countries, 1990-2016: a systematic 
analysis for the Global Burden of Disease Study 2016. Lancet. 2018. 
390(10100):1211-59. 
3. Wang H, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd-Allah F, et al. 
Global, regional, and national under-5 mortality, adult mortality, age-specific 
mortality, and life expectancy, 1970-2016: a systematic analysis for the Global 
Burden of Disease Study 2016. Lancet. 2018. 390(10100):1084-150. 
4. Institute for Health Metrics and Evaluation (IHME). GBD Compare Data 
Visualization. Seattle, WA: IHME, University of Washington; 2016.  [cited 11 
April 2018]. Available from: http://vizhub.healthdata.org/gbd-compare. 
5. Briggs AM, Cross MJ, Hoy DG, Sànchez-Riera L, Blyth FM, Woolf AD, et al. 
Musculoskeletal health conditions represent a global threat to healthy aging: a 
report for the 2015 World Health Organization world report on ageing and health. 
Gerontologist. 2016. 56(Suppl_2):S243-S55. 
6. Centers for Disease Control and Prevention. Arthritis as a potential barrier to 




MMWR Morb Mortal Wkly Rep. 2008. 57(18):486-9. 
7. Bliuc D, Nguyen ND, Milch VE, Nguyen TV, Eisman JA, Center JR. Mortality 
risk associated with low-trauma osteoporotic fracture and subsequent fracture in 
men and women. JAMA. 2009. 301(5):513-21. 
8.  Arthritis and Osteoporosis Victoria. A problem worth solving. The rising cost of 
musculoskeletal conditions in Australia. Arthritis and Osteoporosis Victoria, 
Melbourne, 2013. 
9. Klinedinst NJ, Resnick B, Yerges-Armstrong LM, Dorsey SG. The interplay of 
genetics, behavior, and pain with depressive symptoms in the elderly. 
Gerontologist. 2015. 55(Suppl_1):S67-S77. 
10. Goss J. Projection of Australian health care expenditure by disease, 2003 to 2033. 
Canberra: Australian Institute of Health and Welfare; 2008 Contract No.: 36. 
11. Watts JJ, Abimanyi-Ochom J, Sanders KM. The Osteoporosis costing all 
Australians A new burden of disease analysis – 2012 to 2022 report. Melbourne: 
Osteoporosis Australia; 2012. 
12. Manolagas SC, Jilka RL. Bone marrow, cytokines, and bone remodeling. 
Emerging insights into the pathophysiology of osteoporosis. N Engl J Med. 1995. 
332(5):305-11. 
13. Sànchez-Riera L, Carnahan E, Vos T, Veerman L, Norman R, Lim SS, et al. The 
global burden attributable to low bone mineral density. Ann Rheum Dis. 2014. 
73(9):1635-45. 
14. Cooper C, Campion G, Melton LJ. Hip fractures in the elderly: a world-wide 
projection. Osteoporos Int. 1992. 2(6):285-9. 
15. Kim J, Lee E, Kim S, Lee TJ. Economic Burden of Osteoporotic Fracture of the 





16. Papadimitriou N, Tsilidis KK, Orfanos P, Benetou V, Ntzani EE, Soerjomataram 
I, et al. Burden of hip fracture using disability-adjusted life-years: a pooled 
analysis of prospective cohorts in the CHANCES consortium. Lancet Public 
Health. 2017. 2(5):e239-e46. 
17. Chen JS, Hogan C, Lyubomirsky G, Sambrook PN. Women with cardiovascular 
disease have increased risk of osteoporotic fracture. Calcif Tissue Int. 2011. 
88(1):9-15. 
18. Yadav A, Carey EJ. Osteoporosis in Chronic Liver Disease. Nutr Clin Pract. 2012. 
28(1):52-64. 
19. Weaver CM, Gordon CM, Janz KF, Kalkwarf HJ, Lappe JM, Lewis R, et al. The 
National Osteoporosis Foundation’s position statement on peak bone mass 
development and lifestyle factors: a systematic review and implementation 
recommendations. Osteoporos Int. 2016. 27(4):1281-386. 
20. Gakidou E, Afshin A, Abajobir AA, Abate KH, Abbafati C, Abbas KM, et al. 
Global, regional, and national comparative risk assessment of 84 behavioural, 
environmental and occupational, and metabolic risks or clusters of risks, 1990 - 
2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet. 
2018. 390(10100):1345-422. 
21. United Nations.  High Level Meeting on Prevention and Control of Non-
Communicable Diseases., The United Nations; 2011. [cited on 28 May 2018]. 
Available from: http://www.un.org/en/ga/ncdmeeting2011/. 
22. United Nations. Sustainable Development Goals. United Nations, 2016 [cited 01 
April 2016]. Available from: https://sustainabledevelopment.un.org/. 




Preventable Causes of Death in the United States: Comparative Risk Assessment 
of Dietary, Lifestyle, and Metabolic Risk Factors. PLoS Med. 2009. 
6(4):e1000058. 
24. Forouzanfar MH, Alexander L, Anderson HR, Bachman VF, Biryukov S, Brauer 
M, et al. Global, regional, and national comparative risk assessment of 79 
behavioural, environmental and occupational, and metabolic risks or clusters of 
risks in 188 countries, 1990 - 2013: a systematic analysis for the Global Burden 
of Disease Study 2013. Lancet. 2015. 386(10010):2287-323. 
25. Caroli A, Poli A, Ricotta D, Banfi G, Cocchi D. Invited review: Dairy intake and 
bone health: a viewpoint from the state of the art. J Dairy Sci. 2011. 94(11):5249-
62. 
26. de Jonge EAL, Rivadeneira F, Erler NS, Hofman A, Uitterlinden AG, Franco OH, 
et al. Dietary patterns in an elderly population and their relation with bone mineral 
density: the Rotterdam Study. Eur J Nutr. 2016. 57(1):61-73. 
27. Fung TT, Meyer HE, Willett WC, Feskanich D. Protein intake and risk of hip 
fractures in postmenopausal women and men age 50 and older. Osteoporos Int. 
2017. 28(4):1401-11. 
28. Zhang X, Shu X, Li H, et al. Prospective cohort study of soy food consumption 
and risk of bone fracture among postmenopausal women. Arch Intern Med. 2005. 
165(16):1890-5. 
29. Myers G, Prince RL, Kerr DA, Devine A, Woodman RJ, Lewis JR, et al. Tea and 
flavonoid intake predict osteoporotic fracture risk in elderly Australian women: a 
prospective study. Am J Clin Nutr. 2015. 102(4):958-65. 
30. Warensjö Lemming E, Byberg L, Melhus H, Wolk A, Michaëlsson K. Long-term 




Epidemiol. 2017. 32(7):605-16. 
31. Byberg L, Bellavia A, Larsson SC, Orsini N, Wolk A, Michaëlsson K. 
Mediterranean Diet and Hip Fracture in Swedish Men and Women. J Bone Miner 
Res. 2016. 31(12):2098-105. 
32. Fung TT, Arasaratnam MH, Grodstein F, Katz JN, Rosner B, Willett WC, et al. 
Soda consumption and risk of hip fractures in postmenopausal women in the 
Nurses' Health Study. Am J Clin Nutr. 2014. 100(3):953-8. 
33. Orchard TS, Pan X, Cheek F, Ing SW, Jackson RD. A systematic review of 
omega-3 fatty acids and osteoporosis. Br J Nutr. 2012. 107(S2):S253-S60. 
34. Darling AL, Millward DJ, Torgerson DJ, Hewitt CE, Lanham-New SA. Dietary 
protein and bone health: a systematic review and meta-analysis. Am J Clin Nutr. 
2009. 90(6):1674-92. 
35. Hamidi M, Boucher BA, Cheung AM, Beyene J, Shah PS. Fruit and vegetable 
intake and bone health in women aged 45 years and over: a systematic review. 
Osteoporos Int. 2011. 22(6):1681-93. 
36. Orchard T, Yildiz V, Steck SE, Hebert JR, Ma Y, Cauley JA, et al. Dietary 
Inflammatory Index, Bone Mineral Density, and Risk of Fracture in 
Postmenopausal Women: Results From the Women's Health Initiative. J Bone 
Miner Res. 2016. 32(5):1136-46. 
37. Barrett-Connor E, Holbrook TL. Sex Differences in Osteoporosis in Older Adults 
With Non—Insulin-Dependent Diabetes Mellitus. JAMA. 1992. 268(23):3333-7. 
38. Hofbauer LC, Brueck CC, Singh SK, Dobnig H. Osteoporosis in patients with 
diabetes mellitus. J Bone Miner Res. 2007. 22(9):1317-28. 
39. Satija A, Yu E, Willett WC, Hu FB. Understanding Nutritional Epidemiology and 




40. Willett W. Nutritional Epidemiology. 3rd ed. New York : Oxford University 
Press; 2013. 
41. Illner AK, Freisling H, Boeing H, Huybrechts I, Crispim SP, Slimani N. Review 
and evaluation of innovative technologies for measuring diet in nutritional 
epidemiology. Int J Epidemiol. 2012. 41(4):1187-203. 
42. Nunes CA, Alvarenga VO, de Souza Sant'Ana A, Santos JS, Granato D. The use 
of statistical software in food science and technology: Advantages, limitations and 
misuses. Food Res Int. 2015. 75:270-80. 
43. Ward KA, Prentice A, Kuh DL, Adams JE, Ambrosini GL. Life Course Dietary 
Patterns and Bone Health in Later Life in a British Birth Cohort Study. J Bone 
Miner Res. 2016. 31(6):1167-76. 
44. Yu C, Shi Z, Lv J, Guo Y, Bian Z, Du H, et al. Dietary Patterns and Insomnia 
Symptoms in Chinese Adults: The China Kadoorie Biobank. Nutrients. 2017. 
9(3):232. 
45. Hu FB. Dietary pattern analysis: a new direction in nutritional epidemiology. Curr 
Opin Lipidol. 2002. 13(1):3-9. 
46. Wold S, Esbensen K, Geladi P. Principal component analysis. Chemom Intell Lab 
Syst. 1987. 2(1-3):37-52. 
47. Wold H. Partial least squares. Encyclopedia of statistical sciences. 1985. 
48. Izenman AJ. Reduced-rank regression for the multivariate linear model. J 
multivariate anal. 1975. 5(2):248-64. 
49. Ezzati  M, Riboli  E. Behavioral and Dietary Risk Factors for Noncommunicable 
Diseases. N Engl J Med. 2013. 369(10):954-64. 
50. Imamura F, Micha R, Khatibzadeh S, Fahimi S, Shi P, Powles J, et al. Dietary 




assessment. Lancet Glob Health. 2015. 3(3):e132-e42. 
51. Newby PK, Tucker KL. Empirically Derived Eating Patterns Using Factor or 
Cluster Analysis: A Review. Nutr Rev. 2004. 62(5):177-203. 
52. Batis C, Mendez MA, Gordon-Larsen P, Sotres-Alvarez D, Adair L, Popkin B. 
Using both principal component analysis and reduced rank regression to study 
dietary patterns and diabetes in Chinese adults. Public Health Nutr. 2016. 
19(2):195-203. 
53. DiBello JR, Kraft P, McGarvey ST, Goldberg R, Campos H, Baylin A. 
Comparison of 3 methods for identifying dietary patterns associated with risk of 
disease. Am J Epidemiol. 2008. 168(12):1433-43. 
54. Mendis S. Global status report on noncommunicable diseases 2014. Geneva: 
World Health Organization, 2014. 
55. Perruccio AV, Yip C, Badley EM, Power JD. Musculoskeletal Disorders: A 
Neglected Group at Public Health and Epidemiology Meetings? Am J Public 
Health. 2017. 107(10):1584-5. 
56. Clarke B. Normal Bone Anatomy and Physiology. Clin J Am Soc Nephrol. 2008. 
3(Suppl 3):S131-S9. 
57. Lee KS, Bae SH, Lee SH, Lee J, Lee DR. New reference data on bone mineral 
density and the prevalence of osteoporosis in Korean adults aged 50 years or older: 
the Korea National Health and Nutrition Examination Survey 2008-2010. J 
Korean Med Sci. 2014. 29(11):1514-22. 
58. World Health Organization. Assessment of osteoporosis at the primary health care 
level. Summary Report of a WHO Scientific Group. WHO: Geneva; 2007. 
59. National Institute of Health. OSteoporosis prevention, diagnosis, and therapy. 




60. Genant HK, Cooper C, Poor G, Reid I, Ehrlich G, Kanis J, et al. Interim Report 
and Recommendations of the World Health Organization Task-Force for 
Osteoporosis. Osteoporos Int. 1999. 10(4):259-64. 
61. Henry MJ, Pasco JA, Pocock NA, Nicholson GC, Kotowicz MA. Reference 
ranges for bone densitometers adopted Australia-wide: Geelong osteoporosis 
study. Australas Radiol. 2004. 48(4):473-5. 
62. Panday K, Gona A, Humphrey MB. Medication-induced osteoporosis: screening 
and treatment strategies. Ther Adv Musculoskelet Dis. 2014. 6(5):185-202. 
63. Organization WH. WHO scientific group on the assessmnet of osteoporois at 
primary health care level. Brussels, Belgium; 2007. 
64. Koh LK, Sedrine WB, Torralba TP, Kung A, Fujiwara S, Chan SP, et al. A simple 
tool to identify asian women at increased risk of osteoporosis. Osteoporos Int. 
2001. 12(8):699-705. 
65. Salaffi F, Silveri F, Stancati A, Grassi W. Development and validation of the 
osteoporosis prescreening risk assessment (OPERA) tool to facilitate 
identification of women likely to have low bone density. Clin Rheumatol. 2005. 
24(3):203-11. 
66. Wright NC, Looker AC, Saag KG, Curtis JR, Delzell ES, Randall S, et al. The 
recent prevalence of osteoporosis and low bone mass in the United States based 
on bone mineral density at the femoral neck or lumbar spine. J Bone Miner Res. 
2014. 29(11):2520-6. 
67. Reginster J-Y, Burlet N. Osteoporosis: A still increasing prevalence. Bone. 2006. 
38(2, Supplement 1):4-9. 
68. Hernlund E, Svedbom A, Ivergård M, Compston J, Cooper C, Stenmark J, et al. 




economic burden. Arch Osteoporos. 2013. 8(1-2):1-115. 
69. Park EJ, Joo IW, Jang MJ, Kim YT, Oh K, Oh HJ. Prevalence of osteoporosis in 
the Korean population based on Korea National Health and Nutrition Examination 
Survey (KNHANES), 2008-2011. Yonsei Med J. 2014. 55(4):1049-57. 
70. Australian Institute of Health and Welfare. A snapshot of osteoporosis in 
Australia. National Centre for Monitoring Arthritis and Musculoskeletal 
Conditions. Canberra: AIHW; 2011. 
71. Australian Bureau of Statistics. Australian Health Survey, 2011-2012. Australian 
Bureau of Statistics, Cambera, 2012. 
72. Gill TK, Taylor AW, Black AJ, Hill CL. Self-Reported Prevalence of 
Osteoporosis in Australia. In: Y. Dionyssiotis (Editor). Osteoporosis. Rijeka 
(Croatia): InTech Open Access; 2012. 82-102. 
73. Grant JF, Taylor AW, Ruffin RE, Wilson DH, Phillips PJ, Adams RJ, et al. Cohort 
Profile: The North West Adelaide Health Study (NWAHS). Int J Epidemiol. 2009. 
38(6):1479-86. 
74. Bleicher K, Naganathan V, Cumming GR, Seibel JM, Sambrook NP, Blyth MF, 
et al. Prevalence and treatment of osteoporosis in older Australian men: findings 
from the CHAMP study. MJA. 2010. 193. 
75. Gill TK, Taylor AW, Hill CL, Phillips PJ. Osteoporosis in the community. 
Sensitivity of self-reported estimates and medication use of those diagnosed with 
the condition. Bone Joint Res. 2012. 1(5):93-8. 
76. Henry MJ, Pasco JA, Nicholson GC, Kotowicz MA. Prevalence of osteoporosis 
in Australian men and women: Geelong Osteoporosis Study. Med J Aust. 2011. 
195(6):321-2. 




Prevalence, effects & impact. South Australian Department of Human Services, 






78. Gill T, Marin T, Laslett L, Fullerton S, Taylor A. An Epidemiological Analysis 
of Osteoporosis Among South Australian Adults. Adelaide: Population Research 
and Outcome Studies Unit, SA Health; 2008. 
79. Becker DJ, Kilgore ML, Morrisey MA. The societal burden of osteoporosis. Curr 
Rheumatol Rep. 2010. 12(3):186-91. 
80. Tarride JE, Hopkins RB, Leslie WD, Morin S, Adachi JD, Papaioannou A, et al. 
The burden of illness of osteoporosis in Canada. Osteoporos Int. 2012. 
23(11):2591-600. 
81. Dempster DW. Osteoporosis and the burden of osteoporosis-related fractures. Am 
J Manag Care. 2011. 17 Suppl 6:S164-9. 
82. Cauley JA. Public Health Impact of Osteoporosis. J Gerontol A Biol Sci Med Sci. 
2013. 68(10):1243-51. 
83. Global Burden of Disease Study 2016. Global Burden of Disease Study 2016 
(GBD 2016) Results by Location, Cause, and Risk Factor. Seattle: Institute for 
Health Metrics and Evaluation (IHME); 2018. 
84. Vos T, Barber RM, Bell B, Bertozzi-Villa A, Biryukov S, Bolliger I, et al. Global, 
regional, and national incidence, prevalence, and years lived with disability for 




systematic analysis for the Global Burden of Disease Study 2013. Lancet. 2015. 
386(9995):743-800. 
85. Australian Institute of Health and Welfare. Health-care expenditure on arthritis 
and other musculoskeletal conditions 2008–09. Canberra: AIHW; 2014. 
86. Kanis JA, Odén A, McCloskey EV, Johansson H, Wahl DA, Cooper C. A 
systematic review of hip fracture incidence and probability of fracture worldwide. 
Osteoporos Int. 2012. 23(9):2239-56. 
87. Johnell O, Kanis JA. An estimate of the worldwide prevalence and disability 
associated with osteoporotic fractures. Osteoporos Int. 2006. 17(12):1726-33. 
88. Chen W, Lv H, Liu S, Liu B, Zhu Y, Chen X, et al. National incidence of traumatic 
fractures in China: a retrospective survey of 512 187 individuals. Lancet Glob 
Health. 2017. 5(8):e807-e17. 
89. Marshall D, Johnell O, Wedel H. Meta-analysis of how well measures of bone 
mineral density predict occurrence of osteoporotic fractures. BMJ. 1996. 
312(7041):1254-9. 
90. Melton LJ, 3rd, Atkinson EJ, O'Connor MK, O'Fallon WM, Riggs BL. Bone 
density and fracture risk in men. J Bone Miner Res. 1998. 13(12):1915-23. 
91. Melton LJ, 3rd, Chrischilles EA, Cooper C, Lane AW, Riggs BL. Perspective. 
How many women have osteoporosis? J Bone Miner Res. 1992. 7(9):1005-10. 
92. Holloway KL, Brennan SL, Kotowicz MA, Bucki-Smith G, Timney EN, Dobbins 
AG, et al. Prior fracture as a risk factor for future fracture in an Australian cohort. 
Osteoporos Int. 2015. 26(2):629-35. 
93. Wu Q, Liu B, Tonmoy S. Depression and risk of fracture and bone loss: an 
updated meta-analysis of prospective studies. Osteoporos Int. 2018. 




Nutrient patterns and risk of fracture in older subjects: results from the Three-City 
Study. Osteoporos Int. 2013. 24(4):1295-305. 
95. Heaney RP, Abrams S, Dawson-Hughes B, Looker A, Looker A, Marcus R, et al. 
Peak Bone Mass. Osteoporos Int. 2000. 11(12):985-1009. 
96. Melton LJ, Atkinson EJ, O'Fallon WM, Wahner HW, Riggs BL. Long-term 
fracture prediction by bone mineral assessed at different skeletal sites. J Bone 
Miner Res. 1993. 8(10):1227-33. 
97. Kanis JA. Testbook of Osteoporosis. Oxford: Blackwell Science; 1996. 
98. Puntus T, Schneider B, Meran J, Peterlik M, Kudlacek S. Influence of age and 
gender on associations of body mass index with bone mineral density, bone 
turnover markers and circulating calcium-regulating and bone-active sex 
hormones. Bone. 2011. 49(4):824-9. 
99. Tirosh A, de Souza RJ, Sacks F, Bray GA, Smith SR, LeBoff MS. Sex Differences 
in the Effects of Weight Loss Diets on Bone Mineral Density and Body 
Composition: POUNDS LOST Trial. J Clin Endocrinol Metab. 2015. 
100(6):2463-71. 
100. El maataoui A, El Maghraoui A, Biaz A, Elmachtani SI, Dami A, Bouhsain S, et 
al. Relationships between vertebral fractures, sex hormones and vitamin D in 
Moroccan postmenopausal women: A cross sectional study. BMC Womens 
Health. 2015. 15(41). 
101. Lee DH, Youn HJ, Yi JE, Chin JY, Kim TS, Jung HO, et al. Gender difference in 
bone loss and vascular calcification associated with age. Korean Circ J. 2013. 
43(7):453-61. 
102. Wu Q, Lefante JJ, Rice JC, Magnus JH. Age, race, weight, and gender impact 




103. Snelling AM, Crespo CJ, Schaeffer M, Smith S, Walbourn L. Modifiable and 
nonmodifiable factors associated with osteoporosis in postmenopausal women: 
results from the Third National Health and Nutrition Examination Survey, 1988-
1994. J Womens Health Gend Based Med. 2001. 10(1):57-65. 
104. Lee EY, Kim D, Kim KM, Kim KJ, Choi HS, Rhee Y, et al. Age-related bone 
mineral density patterns in Koreans (KNHANES IV). J Clin Endocrinol Metab. 
2012. 97(9):3310-8. 
105. Chaplin A, Palou A, Serra F. Body fat loss induced by calcium in co-
supplementation with conjugated linoleic acid is associated with increased 
expression of bone formation genes in adult mice. J Nutr Biochem. 26(12):1540-
6. 
106. Pocock NA, Eisman JA, Hopper JL, Yeates MG, Sambrook PN, Eberl S. Genetic 
determinants of bone mass in adults. A twin study. J Clin Invest. 1987. 80(3):706-
10. 
107. Khusainova RI, Seleznyova LI, Mal'tsev AV, Shakirova RY, Nurlygayanov RZ, 
Nadyrshina DD, et al. Associations between vitamin D-binding protein (DBP) 
gene polymorphism (TAAA)n and development of osteoporosis in the Volga-Ural 
region of Russia. Bull Exp Biol Med. 2014. 157(2):253-7. 
108. Diaz MN, O'Neill TW, Silman AJ. The influence of family history of hip fracture 
on the risk of vertebral deformity in men and women: the European Vertebral 
Osteoporosis Study. Bone. 1997. 20(2):145-9. 
109. Mavroeidi A, Aucott L, Black AJ, Fraser WD, Reid DM, Macdonald HM. 
Seasonal Variation in 25(OH)D at Aberdeen (57°N) and Bone Health Indicators- 
Could Holidays in the Sun and Cod Liver Oil Supplements Alleviate Deficiency? 




110. Papadakis G, Keramidas I, Kakava K, Pappa T, Villiotou V, Triantafillou E, et al. 
Seasonal variation of serum vitamin D among greek female patients with 
osteoporosis. In Vivo. 2015. 29(3):409-13. 
111. Mavroeidi A, Aucott L, Black AJ, Fraser WD, Reid DM, Macdonald HM. 
Seasonal variation in 25(OH)D at Aberdeen (57 degrees N) and bone health 
indicators--could holidays in the sun and cod liver oil supplements alleviate 
deficiency? PLoS One. 2013. 8(1):e53381. 
112. Lauritzen JB, Schwarz P, McNair P, Lund B, Transbøl I. Radial and humeral 
fractures as predictors of subsequent hip, radial or humeral fractures in women, 
and their seasonal variation. Osteoporos Int. 1993. 3(3):133-7. 
113. Bhattoa HP, Bettembuk P, Ganacharya S, Balogh A. Prevalence and seasonal 
variation of hypovitaminosis D and its relationship to bone metabolism in 
community dwelling postmenopausal Hungarian women. Osteoporos Int. 2004. 
15(6):447-51. 
114. Matkovic V, Jelic T, Wardlaw GM, Ilich JZ, Goel PK, Wright JK, et al. Timing 
of peak bone mass in Caucasian females and its implication for the prevention of 
osteoporosis. Inference from a cross-sectional model. J Clin Invest. 1994. 
93(2):799-808. 
115. Seeman EGO, Allen T. Risk factors for osteoporosis. Aust N Z J Med. 1989. 
19(1):69-75. 
116. Chung W, Lee J, Ryu OH. Is the negative relationship between obesity and bone 
mineral content greater for older women? J Bone Miner Metab. 2014. 32(5):505-
13. 
117. Heidari B, Hassanjani Roushan MR. Rheumatoid arthritis and osteoporosis. 




118. Hippisley-Cox J, Coupland C. Predicting risk of osteoporotic fracture in men and 
women in England and Wales: prospective derivation and validation of 
QFractureScores. BMJ. 2009. 339(b4229). 
119. Jung JW, Kang HR, Kim JY, Lee SH, Kim SS, Cho SH. Are asthmatic patients 
prone to bone loss? Ann Allergy Asthma Immunol. 2014. 112(5):426-31. 
120. Jeong T-D, Lee W, Choi S-E, Kim JS, Kim H-K, Bae SJ, et al. Relationship 
between Serum Total Cholesterol Level and Serum Biochemical Bone Turnover 
Markers in Healthy Pre- and Postmenopausal Women. Biomed Res Int. 2014. 
2014(398397). 
121. Pedone C, Napoli N, Pozzilli P, Lauretani F, Bandinelli S, Ferrucci L, et al. Bone 
health as a function of adipokines and vitamin D pattern in elderly patients. 
Rejuvenation Res. 2013. 16(6):467-74. 
122. Tanaka S, Uenishi K, Yamazaki Y, Kuroda T, Shiraki M. Low calcium intake is 
associated with high plasma homocysteine levels in postmenopausal women. J 
Bone Miner Metab. 2014. 32(3):317-23. 
123. Klein-Nulend J, van Oers RFM, Bakker AD, Bacabac RG. Bone cell 
mechanosensitivity, estrogen deficiency, and osteoporosis. J Biomech. 2015. 
48(5):855-65. 
124. Hyder JA, Allison MA, Wong N, Papa A, Lang TF, Sirlin C, et al. Association of 
coronary artery and aortic calcium with lumbar bone density: the MESA 
Abdominal Aortic Calcium Study. Am J Epidemiol. 2009. 169(2):186-94. 
125. Chen L, Peng Y, Fang F, Chen J, Pan L, You L. Correlation of serum uric acid 
with bone mineral density and fragility fracture in patients with primary 





126. Sotunde OF, Kruger HS, Wright HH, Havemann-Nel L, Kruger IM, Wentzel-
Viljoen E, et al. Lean mass appears to be more strongly associated with bone 
health than fat mass in urban black South African women. J Nutr Health Aging. 
2015. 19(6):628-36. 
127. Shin D, Kim S, Kim KH, Park SM. Importance of fat mass and lean mass on bone 
health in men: the Fourth Korean National Health and Nutrition Examination 
Survey (KNHANES IV). Osteoporos Int. 2014. 25(2):467-74. 
128. Need AG. Corticosteroids and osteoporosis. Aust N Z J Med. 1987. 17(2):267-72. 
129. Modesto W, Bahamondes MV, Bahamondes L. Prevalence of low bone mass and 
osteoporosis in long-term users of the injectable contraceptive depot 
medroxyprogesterone acetate. J Womens Health. 2015. 24(8):636-40. 
130. Green W. FDA, Contraceptive Marketing Approval and Products Liability 
Litigation: Depo-Provera and the Risk of Osteoporosis, The. Food Drug Cosm L 
J. 2013. 68:115. 
131. Tufano A, Coppola A, Contaldi P, Franchini M, Minno G. Oral Anticoagulant 
Drugs and the Risk of Osteoporosis: New Anticoagulants Better than Old? In:  
Seminars in thrombosis and hemostasis. 2015   
132. Misra D, Zhang Y, Peloquin C, Choi H, Kiel D, Neogi T. Incident long-term 
warfarin use and risk of osteoporotic fractures: propensity-score matched cohort 
of elders with new onset atrial fibrillation. Osteoporos Int. 2014. 25(6):1677-84. 
133. Vestergaard P, Rejnmark L, Mosekilde L. Anxiolytics, sedatives, antidepressants, 
neuroleptics and the risk of fracture. Osteoporos Int. 2006. 17(6):807-16. 
134. Naylor KE, Jacques RM, Paggiosi M, Gossiel F, Peel NFA, McCloskey EV, et al. 
Response of bone turnover markers to three oral bisphosphonate therapies in 




135. Doheny MO, Sedlak CA, Estok PJ, Zeller RA. Bone density, health beliefs, and 
osteoporosis preventing behaviors in men. Orthop Nurs. 2011. 30(4):266-72. 
136. Sriring P, Krass I, Kanjanarach T. Calcium consumption for osteoporosis 
prevention: knowledge, attitudes and behavior in the northeastern region, 
Thailand. J Med Assoc Thai. 2014. 97(2):232-40. 
137. Goodarzizadeh N, Shahrjerdi A, Najafi M, Yousefi A. Effect of diet and lifestyle 
habits on bone density in postmenopausal women. J Pharm Res. 2013. 6(2):309-
12. 
138. Alissa EM, Qadi SG, Alhujaili NA, Alshehri AM, Ferns GA. Effect of diet and 
lifestyle factors on bone health in postmenopausal women. J Bone Miner Metab. 
2011. 29(6):725-35. 
139. Oh EG, Yoo JY, Lee JE, Hyun SS, Ko IS, Chu SH. Effects of a three-month 
therapeutic lifestyle modification program to improve bone health in 
postmenopausal Korean women in a rural community: a randomized controlled 
trial. Res Nurs Health. 2014. 37(4):292-301. 
140. Zhen D, Liu L, Guan C, Zhao N, Tang X. High prevalence of vitamin D deficiency 
among middle-aged and elderly individuals in northwestern China: its relationship 
to osteoporosis and lifestyle factors. Bone. 2015. 71:1-6. 
141. MacDonald HM, Mavroeidi A, Fraser WD, Darling AL, Black AJ, Aucott L, et 
al. Sunlight and dietary contributions to the seasonal vitamin D status of cohorts 
of healthy postmenopausal women living at northerly latitudes: A major cause for 
concern? Osteoporos Int. 2011. 22(9):2461-72. 
142. Warren MP, Chua AT. Exercise-Induced Amenorrhea and Bone Health in the 
Adolescent Athlete. Ann N Y Acad Sci. 2008. 1135(1):244-52. 




for Bone Health: Lessons from the Framingham Osteoporosis Study. Curr 
Osteoporos Rep. 2015. 13(4):245-55. 
144. Hirota T, Hirota K. Bone and Nutrition. Nutritional management of osteoporosis. 
Clin Calcium. 2015. 25(7):1049-55. 
145. Ruxton C. Dietary approaches to promote bone health in adults. Nurs Stand. 2013. 
27(28):41-9. 
146. He FJ, MacGregor GA. Universal salt reduction. Hypertension. 2004. 43(3):e12-
e3. 
147. Heaney RP. Effects of protein on the calcium economy. Int Congr Ser. 2007. 
1297:191-7. 
148. Heaney RP, Layman DK. Amount and type of protein influences bone health. Am 
J Clin Nutr. 2008. 87(5):1567S-70S. 
149. Horiuchi T, Onouchi T, Takahashi M, Ito H, Orimo H. Effect of Soy Protein on 
Bone Metabolism in Postmenopausal Japanese Women. Osteoporos Int. 2000. 
11(8):721-4. 
150. Sellmeyer DE, Stone KL, Sebastian A, Cummings SR. A high ratio of dietary 
animal to vegetable protein increases the rate of bone loss and the risk of fracture 
in postmenopausal women. Study of Osteoporotic Fractures Research Group. Am 
J Clin Nutr. 2001. 73(1):118-22. 
151. Cao JJ, Nielsen FH. Acid diet (high-meat protein) effects on calcium metabolism 
and bone health. Curr Opin Clin Nutr Metab Care. 2010. 13(6):698-702. 
152. Hanley DA, Whiting SJ. Does a high dietary acid content cause bone loss, and 
can bone loss be prevented with an alkaline diet? J Clin Densitom. 2013. 
16(4):420-5. 




J Bone Miner Metab. 2011. 29(1):1-14. 
154. Bonjour J-P, Chevalley T, Amman P, Rizzoli R. Protein Intake and Bone Health.  
Nutrition and Bone Health: New York: Springer 2015. p. 301-17. 
155. Cashman K. Prebiotics and calcium bioavailability. Curr  Issues Intest Microbiol. 
2002.149-74. 
156. Cashman KD. A Prebiotic Substance Persistently Enhances Intestinal Calcium 
Absorption and Increases Bone Mineralization in Young Adolescents. Nutr Rev. 
2006. 64(4):189-96. 
157. McNaughton SA, Wattanapenpaiboon N, Wark JD, Nowson CA. An energy-
dense, nutrient-poor dietary pattern is inversely associated with bone health in 
women. J Nutr. 2011. 141(8):1516-23. 
158. Weiss LA, Barrett-Connor E, von Mühlen D. Ratio of n− 6 to n− 3 fatty acids and 
bone mineral density in older adults: the Rancho Bernardo Study. Am J Clin Nutr. 
2005. 81(4):934-8. 
159. Macdonald HM, New SA, Golden MH, Campbell MK, Reid DM. Nutritional 
associations with bone loss during the menopausal transition: evidence of a 
beneficial effect of calcium, alcohol, and fruit and vegetable nutrients and of a 
detrimental effect of fatty acids. Am J Clin Nutr. 2004. 79(1):155-65. 
160. Salari P, Rezaie A, Larijani B, Abdollahi M. A systematic review of the impact 
of n-3 fatty acids in bone health and osteoporosis. Med Sci Monit. 2008. 
14(3):RA37-RA44. 
161. Farina EK, Kiel DP, Roubenoff R, Schaefer EJ, Cupples LA, Tucker KL. 
Protective effects of fish intake and interactive effects of long-chain 
polyunsaturated fatty acid intakes on hip bone mineral density in older adults: the 




162. Jarvinen R, Tuppurainen M, Erkkila AT, Penttinen P, Karkkainen M, Salovaara 
K, et al. Associations of dietary polyunsaturated fatty acids with bone mineral 
density in elderly women. Eur J Clin Nutr. 2012. 66(4):496-503. 
163. Moon HJ, Kim TH, Byun DW, Park Y. Positive correlation between erythrocyte 
levels of n-3 polyunsaturated fatty acids and bone mass in postmenopausal Korean 
women with osteoporosis. Ann Nutr Metab. 2012. 60(2):146-53. 
164. Lappe J, Kunz I, Bendik I, Prudence K, Weber P, Recker R, et al. Effect of a 
combination of genistein, polyunsaturated fatty acids and vitamins D3 and K1 on 
bone mineral density in postmenopausal women: a randomized, placebo-
controlled, double-blind pilot study. Eur J Nutr. 2013. 52(1):203-15. 
165. Mangano KM, Sahni S, Kerstetter JE, Kenny AM, Hannan MT. Polyunsaturated 
fatty acids and their relation with bone and muscle health in adults. Curr 
Osteoporos Rep. 2013. 11(3):203-12. 
166. Nawata K, Yamauchi M, Takaoka S, Yamaguchi T, Sugimoto T. Association of 
n-3 polyunsaturated fatty acid intake with bone mineral density in postmenopausal 
women. Calcif Tissue Int. 2013. 93(2):147-54. 
167. Ahmadieh H, Arabi A. Vitamins and bone health: beyond calcium and vitamin D. 
Nutr Rev. 2011. 69(10):584-98. 
168. Ohishi K, Nishikawa S, Nagata T, Yamauchi N, Shinohara H, Kido J, et al. 
Physiological concentrations of retinoic acid suppress the osteoblastic 
differentiation of fetal rat calvaria cells in vitro. Eur J Endocrinol. 1995. 
133(3):335-41. 
169. Rao LG, Krishnadev N, Banasikowska K, Rao AV. Lycopene I--effect on 
osteoclasts: lycopene inhibits basal and parathyroid hormone-stimulated 




in rat bone marrow cultures. J Med Food. 2003. 6(2):69-78. 
170. Feskanich D, Singh V, Willett WC, Colditz GA. Vitamin A intake and hip 
fractures among postmenopausal women. JAMA. 2002. 287(1):47-54. 
171. Vestergaard P, Rejnmark L, Mosekilde L. High-dose treatment with vitamin A 
analogues and risk of fractures. Arch Dermatol. 2010. 146(5):478-82. 
172. Navarro-Valverde C, Caballero-Villarraso J, Mata-Granados JM, Casado-Díaz A, 
Sosa-Henríquez M, Malouf-Sierra J, et al. High Serum Retinol as a Relevant 
Contributor to Low Bone Mineral Density in Postmenopausal Osteoporotic 
Women. Calcif Tissue Int. 2018. 102(6):651-6. 
173. Sugiura M, Nakamura M, Ogawa K, Ikoma Y, Ando F, Shimokata H, et al. 
Dietary patterns of antioxidant vitamin and carotenoid intake associated with bone 
mineral density: findings from post-menopausal Japanese female subjects. 
Osteoporos Int. 2011. 22(1):143-52. 
174. De França NA, Camargo MB, Lazaretti-Castro M, Martini LA. Antioxidant intake 
and bone status in a cross-sectional study of Brazilian women with osteoporosis. 
Nutr Health. 2013. 22(2):133-42. 
175. MacKinnon ES, Rao AV, Josse RG, Rao LG. Supplementation with the 
antioxidant lycopene significantly decreases oxidative stress parameters and the 
bone resorption marker N-telopeptide of type i collagen in postmenopausal 
women. Osteoporos Int. 2011. 22(4):1091-101. 
176. Rivas A, Romero A, Mariscal-Arcas M, Monteagudo C, Lopez G, Lorenzo ML, 
et al. Association between dietary antioxidant quality score (DAQs) and bone 
mineral density in Spanish women. Nutr Hosp. 2012. 27(6):1886-93. 
177. Bullo M, Estruch R, Salas-Salvado J. Dietary vitamin K intake is associated with 




biochemical markers in elderly men and women. Bone. 2011. 48(6):1313-8. 
178. Je SH, Joo NS, Choi BH, Kim KM, Kim BT, Park SB, et al. Vitamin K supplement 
along with vitamin D and calcium reduced serum concentration of 
undercarboxylated osteocalcin while increasing bone mineral density in Korean 
postmenopausal women over sixty-years-old. J Korean Med Sci. 2011. 
26(8):1093-8. 
179. Lamb JJ, Holick MF, Lerman RH, Konda VR, Minich DM, Desai A, et al. 
Nutritional supplementation of hop rho iso-alpha acids, berberine, vitamin D(3), 
and vitamin K(1) produces a favorable bone biomarker profile supporting healthy 
bone metabolism in postmenopausal women with metabolic syndrome. Nutr Res. 
2011. 31(5):347-55. 
180. Aljarallah B, Fernandes G, Jeejeebhoy KN, Gramlich LM, Whittaker JS, 
Armstrong D, et al. The Canadian Home Total Parenteral Nutrition (HTPN) 
Registry: vitamin K supplementation and bone mineral density. JPEN J Parenter 
Enteral Nutr. 2012. 36(4):415-20. 
181. Chan R, Leung J, Woo J. No association between dietary vitamin K intake and 
fracture risk in chinese community-dwelling older men and women: a prospective 
study. Calcif Tissue Int. 2012. 90(5):396-403. 
182. Cashman KD. Diet, nutrition, and bone health. J Nutr. 2007. 137(11 
Suppl):2507S-12S. 
183. Karimi M, Divani Shishvan F, Mousavinasab N. A comparison of serum 
homocysteine, folate and vitamin B12 in postmenopausal women with low and 
normal bone mineral density. zumsj. 2011. 19(76). 
184. Rumbak I, Zizic V, Sokolic L, Cvijetic S, Kajfez R, Colic Baric I. Bone mineral 




Arch Gynecol Obstet. 2012. 285(4):991-1000. 
185. Keser I, Ilich JZ, Vrkic N, Giljevic Z, Colic Baric I. Folic acid and vitamin B(12) 
supplementation lowers plasma homocysteine but has no effect on serum bone 
turnover markers in elderly women: a randomized, double-blind, placebo-
controlled trial. Nutr Res. 2013. 33(3):211-9. 
186. Lips P. Vitamin D physiology. Prog Biophys Mol Biol. 2006. 92(1):4-8. 
187. Department of Health and Ageing. Nutrient Reference Values for Australia and 
New Zealand Including Recommended Dietary Intakes. Canberra: Australian 
government, Minister of Health, Department of Health and Ageing; 2005. 
188. Fan T, Nocea G, Modi A, Stokes L, Sen SS. Calcium and vitamin D intake by 
postmenopausal women with osteoporosis in Spain: an observational calcium and 
vitamin D intake (CaVIT) study. Clin Interv Aging. 2013. 8:689-96. 
189. Palacios C. The Role of Nutrients in Bone Health, from A to Z. Crit Rev Food Sci 
Nutr. 2006. 46(8):621-8. 
190. Brezovský M, Magula D, Bitter K, Chlebo P, Fatrcová-Šramková K, Palkovič J. 
Dietary calcium and phosphorus intake, the dietary calcium to phosphorus ratio 
and the risk of osteoporotic fractures in postmenopausal women. Nutr J. 2014. 
19(2-3):42-7. 
191. Lee KJ, Kim KS, Kim HN, Seo JA, Song SW. Association between dietary 
calcium and phosphorus intakes, dietary calcium/phosphorus ratio and bone mass 
in the Korean population. Nutr J. 2014. 13(1):114. 
192. Chan R, Woo J, Leung J. Effects of food groups and dietary nutrients on bone loss 
in elderly Chinese population. J Nutr Health Aging. 2011. 15(4):287-94. 
193. Ito S, Ishida H, Uenishi K, Murakami K, Sasaki S. The relationship between 




young Japanese women: a cross-sectional study. Asia Pac J Clin Nutr. 2011. 
20(3):411-7. 
194. Okyay E, Ertugrul C, Acar B, Sisman AR, Onvural B, Ozaksoy D. Comparative 
evaluation of serum levels of main minerals and postmenopausal osteoporosis. 
Maturitas. 2013. 76(4):320-5. 
195. Gunn CA, Weber JL, Kruger MC. Diet, weight, cytokines and bone health in 
postmenopausal women. J Nutr Health Aging. 2014. 18(5):479-86. 
196. Nielsen FH, Lukaski HC, Johnson LK, Roughead ZK. Reported zinc, but not 
copper, intakes influence whole-body bone density, mineral content and T score 
responses to zinc and copper supplementation in healthy postmenopausal women. 
Br J Nutr. 2011. 106(12):1872-9. 
197. Simon MJK, Beil FT, Rüther W, Busse B, Koehne T, Steiner M, et al. High 
fluoride and low calcium levels in drinking water is associated with low bone 
mass, reduced bone quality and fragility fractures in sheep. Osteoporos Int. 2014. 
25(7):1891-903. 
198. Levy SM, Warren JJ, Phipps K, Letuchy E, Broffitt B, Eichenberger-Gilmore J, 
et al. Effects of Life-long Fluoride Intake on Bone Measures of Adolescents: A 
Prospective Cohort Study. J Dent Res. 2014. 93(4):353-9. 
199. Fernandes Md, Yanai M, Martins G, Iano F, Leite A, Cestari T, et al. Effects of 
fluoride in bone repair: an evaluation of RANKL, OPG and TRAP expression. 
Odontology. 2014. 102(1):22-30. 
200. Brenton DP. Calcium, Phosphate and Magnesium Metabolism, Clinical 
Physiology and Diagnostic Procedures. Proc R Soc Med. 1977. 70(7):511-2. 





202. Anderson JJ. Calcium, phosphorus and human bone development. J Nutr. 1996. 
126(4S):1153S. 
203. Skowronska-Jozwiak E, Jaworski M, Grzywa A, Lorenc R, Lewinski A. Influence 
of calcium intake on bone mineral density and incidence of fractures in treatment-
naive women from Lodz urban area - a part of EPOLOS study. Ann Agric Environ 
Med. 2014. 21(1):201-4. 
204. Haring B, Crandall CJ, Wu C, et al. Dietary patterns and fractures in 
postmenopausal women: Results from the women’s health initiative. JAMA 
Intern Med. 2016. 
205. Karamati M, Yousefian-Sanni M, Shariati-Bafghi SE, Rashidkhani B. Major 
nutrient patterns and bone mineral density among postmenopausal Iranian 
women. Calcif Tissue Int. 2014. 94(6):648-58. 
206. Heaney RP. Calcium, dairy products and osteoporosis. J Am Coll Nutr. 2000. 
19(sup2):83S-99S. 
207. Garcia-Martin A, Quesada Charneco M, Alvarez Guisado A, Jimenez Moleon JJ, 
Fonolla Joya J, Munoz-Torres M. Effect of milk product with soy isoflavones on 
quality of life and bone metabolism in postmenopausal Spanish women: 
randomized trial. Med Clin (Barc). 2012. 138(2):47-51. 
208. Irvin VL, Nichols JF, Hofstetter CR, Ojeda VD, Song YJ, Kang S, et al. 
Osteoporosis and milk intake among Korean women in California: relationship 
with acculturation to U.S. lifestyle. J Immigr Minor Health. 2013. 15(6):1119-24. 
209. Shin S, Hong K, Kang SW, Joung H. A milk and cereal dietary pattern is 
associated with a reduced likelihood of having a low bone mineral density of the 
lumbar spine in Korean adolescents. Nutr Res. 2013. 33(1):59-66. 




Supplementation with Different Calcium Contents on Bone Mineral Density of 
Postmenopausal Women in Northern China: A Randomized Controlled Double-
Blind Trial. Calcif Tissue Int. 2015. 98(1):60-6. 
211. Varenna M, Manara M, Galli L, Binelli L, Zucchi F, Sinigaglia L. The association 
between osteoporosis and hypertension: the role of a low dairy intake. Calcif 
Tissue Int. 2013. 93(1):86-92. 
212. Wlodarek D, Glabska D, Kolota A, Adamczyk P, Czekajlo A, Grzeszczak W, et 
al. Calcium intake and osteoporosis: the influence of calcium intake from dairy 
products on hip bone mineral density and fracture incidence - a population-based 
study in women over 55 years of age. Public Health Nutr. 2014. 17(2):383-9. 
213. De Planter BA, Frederick CC, Thompson PJA, Nichols CH. Bowes and Church's 
Food values of portions commonly used. 19th Edition. Philadelphia: Lipincott 
Company;  1985  
214. Messina MJ. Legumes and soybeans: overview of their nutritional profiles and 
health effects. Am J Clin Nutr. 1999. 70(3):439s-50s. 
215. Zhou Y, Alekel DL, Dixon PM, Messina M, Reddy MB. The Effect of Soy Food 
Intake on Mineral Status in Premenopausal Women. J Womens Health. 2011. 
20(5):771-80. 
216. Tai TY, Tsai KS, Tu ST, Wu JS, Chang CI, Chen CL, et al. The effect of soy 
isoflavone on bone mineral density in postmenopausal Taiwanese women with 
bone loss: a 2-year randomized double-blind placebo-controlled study. 
Osteoporos Int. 2012. 23(5):1571-80. 
217. Wei P, Liu M, Chen Y, Chen DC. Systematic review of soy isoflavone 





218. Taku K, Melby MK, Takebayashi J, Mizuno S, Ishimi Y, Omori T, et al. Effect 
of soy isoflavone extract supplements on bone mineral density in menopausal 
women: meta-analysis of randomized controlled trials. Asia Pac J Clin Nutr. 2010. 
19(1):33-42. 
219. Messina M. Soy foods, isoflavones, and the health of postmenopausal women. 
Am J Clin Nutr. 2014. 100 Suppl 1:423S-30S. 
220. Gui JC, Brasic JR, Liu XD, Gong GY, Zhang GM, Liu CJ, et al. Bone mineral 
density in postmenopausal Chinese women treated with calcium fortification in 
soymilk and cow's milk. Osteoporos Int. 2012. 23(5):1563-70. 
221. Matthews VL, Knutsen SF, Beeson WL, Fraser GE. Soy milk and dairy 
consumption is independently associated with ultrasound attenuation of the heel 
bone among postmenopausal women: the Adventist Health Study-2. Nutr Res. 
2011. 31(10):766-75. 
222. Judex S, Wohl G, Wolff R, Leng W, Gillis A, Zernicke R. Dietary fish oil 
supplementation adversely affects cortical bone morphology and biomechanics in 
growing rabbits. Calcif Tissue Int. 2000. 66(6):443-8. 
223. Sun L, Tamaki H, Ishimaru T, Teruya T, Ohta Y, Katsuyama N, et al. Inhibition 
of osteoporosis due to restricted food intake by the fish oils DHA and EPA and 
perilla oil in the rat. Biosci Biotechnol Biochem. 2004. 68(12):2613-5. 
224. Wauquier F, Barquissau V, Léotoing L, Davicco M-J, Lebecque P, Mercier S, et 
al. Borage and fish oils lifelong supplementation decreases inflammation and 
improves bone health in a murine model of senile osteoporosis. Bone. 2012. 
50(2):553-61. 
225. Virtanen JK, Mozaffarian D, Cauley JA, Mukamal KJ, Robbins J, Siscovick DS. 




adults: the cardiovascular health study. J Bone Miner Res. 2010. 25(9):1972-9. 
226. Zalloua PA, Hsu YH, Terwedow H, Zang T, Wu D, Tang G, et al. Impact of 
seafood and fruit consumption on bone mineral density. Maturitas. 2007. 56(1):1-
11. 
227. Chen Y-m, Ho S, Lam S. Higher sea fish intake is associated with greater bone 
mass and lower osteoporosis risk in postmenopausal Chinese women. Osteoporos 
Int. 2010. 21(6):939-46. 
228. Carvalho ICS, de Andrade DP, Milhan NVM, de Souza Santos EL, Soares CP, da 
Rocha RF, et al. Prenatal Ethanol Exposure Affects the Proliferation and 
Differentiation of the Osteoblasts from Newborn Rats. Online J Biol Sci. 2015. 
15(3):134. 
229. Maurel D, Boisseau N, Benhamou C, Jaffre C. Alcohol and bone: review of dose 
effects and mechanisms. Osteoporos Int. 2012. 23(1):1-16. 
230. Driver J, Weber CE, Callaci JJ, Kothari AN, Zapf MA, Roper PM, et al. Alcohol 
Inhibits Osteopontin-dependent Transforming Growth Factor-β1 Expression in 
Human Mesenchymal Stem Cells. J Biol Chem. 2015. 290(16):9959-73. 
231. Zhang X, Yu Z, Yu M, Qu X. Alcohol consumption and hip fracture risk. 
Osteoporos Int. 2015. 26(2):531-42. 
232. Waterhouse AL. Wine phenolics. Ann N Y Acad Sci. 2002. 957(1):21-36. 
233. Kutleša Z, Budimir Mršić D. Wine and bone health: a review. J Bone Miner 
Metab. 2015.1-12. 
234. Sahni S, Kiel D. Smoking, Alcohol, and Bone Health. In: Holick MF, Nieves JW, 
editors. Nutrition and Bone Health: New York: Springer 2015. p. 489-504. 
235. Tereszkowski CM, Simpson JA, Whiting SJ, Buchholz AC. Body mass, vitamin 




mineral density of young, healthy Canadian women. J Am Coll Nutr. 2012. 
31(1):24-31. 
236. Sommer I, Erkkila AT, Jarvinen R, Mursu J, Sirola J, Jurvelin JS, et al. Alcohol 
consumption and bone mineral density in elderly women. Public Health Nutr. 
2013. 16(4):704-12. 
237. Fairweather-Tait SJ, Skinner J, Guile GR, Cassidy A, Spector TD, MacGregor 
AJ. Diet and bone mineral density study in postmenopausal women from the 
TwinsUK registry shows a negative association with a traditional English dietary 
pattern and a positive association with wine. Am J Clin Nutr. 2011. 94(5):1371-
5. 
238. Tucker KL, Jugdaohsingh R, Powell JJ, Qiao N, Hannan MT, Sripanyakorn S, et 
al. Effects of beer, wine, and liquor intakes on bone mineral density in older men 
and women. Am J Clin Nutr. 2009. 89(4):1188-96. 
239. Amato D, Maravilla A, Montoya C, Gaja O, Revilla C, Guerra R, et al. Acute 
effects of soft drink intake on calcium and phosphate metabolism in immature and 
adult rats. Rev Invest Clin. 1998. 50(3):185-9. 
240. Smith S, Swain J, Brown EM, Wyshak G, Albright T, Ravnikar VA, et al. A 
preliminary report of the short-term effect of carbonated beverage consumption 
on calcium metabolism in normal women. Arch Intern Med. 1989. 149(11):2517-
9. 
241. Fernando GR, Martha RM, Evangelina R. Consumption of soft drinks with 
phosphoric acid as a risk factor for the development of hypocalcemia in 
postmenopausal women. J Clin Epidemiol. 1999. 52(10):1007-10. 
242. Amato D, Garcia-Contreras F, Paniagua R. Carbonated beverage consumption 




243. Heaney RP, Rafferty K. Carbonated beverages and urinary calcium excretion. Am 
J Clin Nutr. 2001. 74(3):343-7. 
244. Wyshak G, Frisch RE, Albright TE, Albright NL, Schiff I, Witschi J. 
Nonalcoholic carbonated beverage consumption and bone fractures among 
women former college athletes. J Orthop Res. 1989. 7(1):91-9. 
245. Kim SH, Morton DJ, BarrettConnor EL. Carbonated beverage consumption and 
bone mineral density among older women: The Rancho Bernardo study. Am J 
Public Health. 1997. 87(2):276-9. 
246. Supplee JD, Duncan GE, Bruemmer B, Goldberg J, Wen Y, Henderson JA. Soda 
intake and osteoporosis risk in postmenopausal American-Indian women. Public 
Health Nutr. 2011. 14(11):1900-6. 
247. Shi Z, Ruel G, Grande ED, Pilkington R, Taylor AW. Soft drink consumption and 
multimorbidity among adults. Clin Nutr ESPEN. 2015. 10(2):e71-e6. 
248. Tucker KL, Morita K, Qiao N, Hannan MT, Cupples LA, Kiel DP. Colas, but not 
other carbonated beverages, are associated with low bone mineral density in older 
women: The Framingham Osteoporosis Study. Am J Clin Nutr. 2006. 84(4):936-
42. 
249. Ma D, Jones G. Soft drink and milk consumption, physical activity, bone mass, 
and upper limb fractures in children: a population-based case-control study. Calcif 
Tissue Int. 2004. 75(4):286-91. 
250. Heaney RP. Effects of caffeine on bone and the calcium economy. Food Chem 
Toxicol. 2002. 40(9):1263-70. 
251. Barrett-Connor E, Chang J, Edelstein SL. Coffee-associated osteoporosis offset 





252. Harris SS, Dawson-Hughes B. Caffeine and bone loss in healthy postmenopausal 
women. Am J Clin Nutr. 1994. 60(4):573-8. 
253. Hallstrom H, Wolk A, Glynn A, Michaelsson K. Coffee, tea and caffeine 
consumption in relation to osteoporotic fracture risk in a cohort of Swedish 
women. Osteoporos Int. 2006. 17(7):1055-64. 
254. de Franca NA, Camargo MB, Lazaretti-Castro M, Peters BS, Martini LA. Dietary 
patterns and bone mineral density in Brazilian postmenopausal women with 
osteoporosis: a cross-sectional study. Eur J Clin Nutr. 2015. 
255. Harter DL, Busnello FM, Dibi RP, Stein AT, Kato SK, Vanin CM. Association 
between low bone mass and calcium and caffeine intake among perimenopausal 
women in Southern Brazil: cross-sectional study. Sao Paulo Med J. 2013. 
131(5):315-22. 
256. Wang G, Liu G, Zhao H, Zhang F, Li S, Chen Y, et al. Oolong tea drinking could 
help prevent bone loss in postmenopausal Han Chinese women. Cell Biochem 
Biophys. 2014. 70(2):1289-93. 
257. Shen CL, Chyu MC, Wang JS. Tea and bone health: steps forward in translational 
nutrition. Am J Clin Nutr. 2013. 98(6 Suppl):1694S-9S. 
258. Mhurchu CN, Capelin C, Dunford EK, Webster JL, Neal BC, Jebb SA. Sodium 
content of processed foods in the United Kingdom: analysis of 44,000 foods 
purchased by 21,000 households. Am J Clin Nutr. 2011. 93(3):594-600. 
259. Hoffmann K, Schulze MB, Schienkiewitz A, Nothlings U, Boeing H. Application 
of a new statistical method to derive dietary patterns in nutritional epidemiology. 
Am J Epidemiol. 2004. 159(10):935-44. 





261. Trzeciakiewicz A, Habauzit V, Horcajada M-N. When nutrition interacts with 
osteoblast function: molecular mechanisms of polyphenols. Nutr Res Rev. 2009. 
22(01):68-81. 
262. Lanham-New SA. Fruit and vegetables: the unexpected natural answer to the 
question of osteoporosis prevention? Am J Clin Nutr. 2006. 83(6):1254-5. 
263. Macdonald HM. Influence of organic salts of potassium on bone health: Possible 
mechanisms of action for the role of fruit and vegetables. Int Congr Ser. 2007. 
1297:268-81. 
264. Lister C, Skinner M, Hunter D. Fruits, vegetables and their phytochemicals for 
bone and joint health. Curr Top Nutraceut R. 2007. 5(2/3):67. 
265. Morgan KT. Nutritional Determinants of Bone Health. J Nutr Elder. 2008. 27(1-
2):3-27. 
266. New SA. Intake of fruit and vegetables: implications for bone health. Proc Nutr 
Soc. 2003. 62(4):889-99. 
267. Buclin T, Cosma M, Appenzeller M, Jacquet AF, Decosterd LA, Biollaz J, et al. 
Diet acids and alkalis influence calcium retention in bone. Osteoporos Int. 2001. 
12(6):493-9. 
268. Lemann J, Litzow JR, Lennon EJ. The effects of chronic acid loads in normal 
man: further evidence for the participation of bone mineral in the defense against 
chronic metabolic acidosis. J Clin Invest. 1966. 45(10):1608-14. 
269. Maurer M, Riesen W, Muser J, Hulter HN, Krapf R. Neutralization of Western 
diet inhibits bone resorption independently of K intake and reduces cortisol 
secretion in humans. Am J Physiol Renal Physiol. 2003. 284(1):F32-40. 
270. Miller V, Mente A, Dehghan M, Rangarajan S, Zhang X, Swaminathan S, et al. 




countries (PURE): a prospective cohort study. Lancet. 2017. 390(10107):2037-
49. 
271. Lim YS, Lee SW, Tserendejid Z, Jeong SY, Go G, Park HR. Prevalence of 
osteoporosis according to nutrient and food group intake levels in Korean 
postmenopausal women: using the 2010 Korea National Health and Nutrition 
Examination Survey Data. Nutr Res Pract. 2015. 9(5):539-46. 
272. Xu L, Dibley M, D'Este C, Phillips M, Porteous J, Attia J. Food groups and risk 
of forearm fractures in postmenopausal women in Chengdu, China. Climacteric. 
2009. 12(3):222-9. 
273. Chen Y-m, Ho SC, Woo JL. Greater fruit and vegetable intake is associated with 
increased bone mass among postmenopausal Chinese women. Br J Nutr. 2006. 
96(04):745-51. 
274. Li JJ, Huang ZW, Wang RQ, Ma XM, Zhang ZQ, Liu Z, et al. Fruit and vegetable 
intake and bone mass in Chinese adolescents, young and postmenopausal women. 
Public Health Nutr. 2013. 16(1):78-86. 
275. de Jonge EA, Kiefte-de Jong JC, de Groot LC, Voortman T, Schoufour JD, 
Zillikens MC, et al. Development of a Food Group-Based Diet Score and Its 
Association with Bone Mineral Density in the Elderly: The Rotterdam Study. 
Nutrients. 2015. 7(8):6974-90. 
276. Prynne CJ, Mishra GD, O'Connell MA, Muniz G, Laskey MA, Yan L, et al. Fruit 
and vegetable intakes and bone mineral status: a cross sectional study in 5 age and 
sex cohorts. Am J Clin Nutr. 2006. 83(6):1420-8. 
277. Hardcastle AC, Aucott L, Fraser WD, Reid DM, MacDonald HM. Dietary 
patterns, bone resorption and bone mineral density in early post-menopausal 




278. Ebrahimof S., Hoshiarrad A., Hossein-Nezhad A., Larijani B., SM. K. Effects of 
increasing fruit and vegetable intake on bone turnover in postmenopausal 
osteopenic women. DARU. 2009. 17(1). 
279. Macdonald HM, Black AJ, Aucott L, Duthie G, Duthie S, Sandison R, et al. Effect 
of potassium citrate supplementation or increased fruit and vegetable intake on 
bone metabolism in healthy postmenopausal women: a randomized controlled 
trial. Am J Clin Nutr. 2008. 88(2):465-74. 
280. Fung TT, Feskanich D. Dietary patterns and risk of hip fractures in 
postmenopausal women and men over 50 years. Osteoporos Int. 2015. 
26(6):1825-30. 
281. Langsetmo L, Hanley DA, Prior JC, Barr SI, Anastassiades T, Towheed T, et al. 
Dietary patterns and incident low-trauma fractures in postmenopausal women and 
men aged >/= 50 y: a population-based cohort study. Am J Clin Nutr. 2011. 
93(1):192-9. 
282. Benetou V, Orfanos P, Pettersson-Kymmer U, Bergström U, Svensson O, 
Johansson I, et al. Mediterranean diet and incidence of hip fractures in a European 
cohort. Osteoporos Int. 2013. 24(5):1587-98. 
283. Whittle CR, Woodside JV, Cardwell CR, McCourt HJ, Young IS, Murray LJ, et 
al. Dietary patterns and bone mineral status in young adults: the Northern Ireland 
Young Hearts Project. Br J Nutr. 2012. 108(8):1494-504. 
284. Kontogianni MD, Melistas L, Yannakoulia M, Malagaris I, Panagiotakos DB, 
Yiannakouris N. Association between dietary patterns and indices of bone mass 
in a sample of Mediterranean women. Nutrition. 2009. 25(2):165-71. 
285. Okubo H, Sasaki S, Horiguchi H, Oguma E, Miyamoto K, Hosoi Y, et al. Dietary 




farmwomen. Am J Clin Nutr. 2006. 83(5):1185-92. 
286. Shin S, Sung J, Joung H. A fruit, milk and whole grain dietary pattern is positively 
associated with bone mineral density in Korean healthy adults. Eur J Clin Nutr. 
2015. 69(4):442-8. 
287. Park SJ, Joo SE, Min H, Park JK, Kim Y, Kim SS, et al. Dietary Patterns and 
Osteoporosis Risk in Postmenopausal Korean Women. Osong Public Health Res 
Perspect. 2012. 3(4):199-205. 
288. Shin S, Joung H. A dairy and fruit dietary pattern is associated with a reduced 
likelihood of osteoporosis in Korean postmenopausal women. Br J Nutr. 2013. 
110(10):1926-33. 
289. Wu F, Wills K, Laslett LL, Oldenburg B, Jones G, Winzenberg T. Associations 
of dietary patterns with bone mass, muscle strength and balance in a cohort of 
Australian middle-aged women. Br J Nutr. 2017. 118(8):598-606. 
290. Ioannidis JPA. Implausible results in human nutrition research. BMJ. 2013. 
347(f6698 ). 
291. Freedman LS, Midthune D, Dodd KW, Carroll RJ, Kipnis V. A statistical model 
for measurement error that incorporates variation over time in the target measure, 
with application to nutritional epidemiology. Stat Med. 2015. 34(27):3590-605. 
292. National Cancer Institute. Dietary Assessment Primer, Effects of Measurement 
Error. National Institutes of Health, National Cancer Institute. [cited 27 May 
2016]. Available from: https://dietassessmentprimer.cancer.gov/. 
293. Kirkpatrick SI, Subar AF, Douglass D, Zimmerman TP, Thompson FE, Kahle LL, 
et al. Performance of the Automated Self-Administered 24-hour Recall relative to 
a measure of true intakes and to an interviewer-administered 24-h recall. Am J 




294. Cattell RB. Factor analysis. Westport, CT: Greenwood Press; 1973. 
295. Schoenaker DAJM, Dobson AJ, Soedamah-Muthu SS, Mishra GD. Factor 
Analysis Is More Appropriate to Identify Overall Dietary Patterns Associated with 
Diabetes When Compared with Treelet Transform Analysis. J Nutr. 2013. 
143(3):392-8. 
296. Institute of Health Metrics and Evaluation. The Global Burden of Disease: a 
critical resource for informed policymaking. [Cited 03 June 2018]. Available 
from: http://www.healthdata.org/gbd/about  
297. Forouzanfar MH, Afshin A, Alexander LT, Anderson HR, Bhutta ZA BS, Brauer 
M BR, et al. Global, regional, and national comparative risk assessment of 79 
behavioural, environmental and occupational, and metabolic risks or clusters of 
risks, 1990-2015: a systematic analysis for the Global Burden of Disease Study 
2015. Lancet. 2016. 388(10053):1659-724. 
298. Popkin BM, Du S, Zhai F, Zhang B. Cohort Profile: The China Health and 
Nutrition Survey—monitoring and understanding socio-economic and health 
change in China, 1989–2011. Int J Epidemiol. 2010. 39(6):1435-40. 
299. Batis C, Sotres-Alvarez D, Gordon-Larsen P, Mendez MA, Adair L, Popkin B. 
Longitudinal analysis of dietary patterns in Chinese adults from 1991 to 2009. Br 
J Nutr. 2014. 111(8):1441-51. 
300. Jolliffe I.T. Principal Component Analysis and Factor Analysis. In: Principal 
Component Analysis. New York: Springer; 1986. 
301. SAS Institute Inc. SAS/STAT® 9.2 User’s Guide. Cary, NC: SAS Institute Inc; 
2008. 
302. Kurotani K, Akter S, Kashino I, Goto A, Mizoue T, Noda M, et al. Quality of diet 




prospective study. BMJ. 2016. 352(i1209 ). 
303. Leenders M, Sluijs I, Ros MM, Boshuizen HC, Siersema PD, Ferrari P, et al. Fruit 
and vegetable consumption and mortality European prospective investigation into 
cancer and nutrition. Am J Epidemiol. 2013. 178(4):590-602. 
304. Rohrmann S, Overvad K, Bueno-de-Mesquita HB, Jakobsen MU, Egeberg R, 
Tjønneland A, et al. Meat consumption and mortality-results from the European 
Prospective Investigation into Cancer and Nutrition. BMC Med. 2013. 11(1):1. 
305. World Health Organization: United Nations Decades of Action on Nutrition. 
World Health Organization, 2016. [cited 04 January 2017] Available from:  
http://www.who.int/nutrition/decade-of-action/en/  
306. Han E, Powell LM. Consumption patterns of sugar-sweetened beverages in the 
United States. J Acad Nutr Diet. 2013. 113(1):43-53. 
307. Australian Institute of Health and Welfare. Australian Burden of Disease Study: 
Impact and causes of illness and death in Australia 2011. Canberra: AIHW; 2016. 
308. Melaku YA, Temesgen AM, Deribew A, Tessema GA, Deribe K, Sahle BW, et 
al. The impact of dietary risk factors on the burden of non-communicable diseases 
in Ethiopia: findings from the Global Burden of Disease study 2013. Int J Behav 
Nutr Phys Act. 2016. 13(1):122. 
309. World Cancer Research Fund, American Institute for Cancer Research. 
Continuous Update Project Report. Food, Nutrition, Physical Activity, and the 
Prevention of Colorectal Cancer. London: WCRF International; 2011. 
310. Mozaffarian D, Hao T, Rimm EB, Willett WC, Hu FB. Changes in diet and 
lifestyle and long-term weight gain in women and men. N Engl J Med. 2011. 
364(25):2392-404. 




regional and national sodium intakes in 1990 and 2010: a systematic analysis of 
24 h urinary sodium excretion and dietary surveys worldwide. BMJ Open. 2013. 
3(12). 
312. Wang H, Naghavi M, Allen C, Barber RM, Bhutta ZA, Carter A, et al. Global, 
regional, and national life expectancy, all-cause mortality, and cause-specific 
mortality for 249 causes of death, 1980 - 2015: a systematic analysis for the Global 
Burden of Disease Study 2015. Lancet. 2016. 388(10053):1459-544. 
313. Vos T, Allen C, Arora M, Barber RM, Bhutta ZA, Brown A, et al. Global, 
regional, and national incidence, prevalence, and years lived with disability for 
310 diseases and injuries, 1990 - 2015: a systematic analysis for the Global 
Burden of Disease Study 2015. Lancet. 2016. 388(10053):1545-602. 
314. Kassebaum NJ, Arora M, Barber RM, Bhutta ZA, Brown J, Carter A, et al. Global, 
regional, and national disability-adjusted life-years (DALYs) for 315 diseases and 
injuries and healthy life expectancy (HALE), 1990 - 2015: a systematic analysis 
for the Global Burden of Disease Study 2015. Lancet. 2016. 388(10053):1603-58. 
315. Naghavi M, Wang H, Lozano R, Davis A, Liang X, Zhou M, et al. Global, 
regional, and national age–sex specific all-cause and cause-specific mortality for 
240 causes of death, 1990–2013: a systematic analysis for the Global Burden of 
Disease Study 2013. Lancet. 2015. 385(9963):117-71. 
316. Institute for Health Metrics and Evaluation (IHME). GBD Compare. Seattle, WA: 
IHME, University of Washington, 2016. [cited 01 March  2016]. Available from: 
http://vizhub.healthdata.org/gbd-compare. 
317. World Health Organization. Global health risk: mortality and burden of disease 
attributable to selected major risks. Geneva: World Health Organization; 2009. 




a web-based program promoting healthy eating and physical activity for 
adolescents: Teen Choice: Food and Fitness. Health Educ Res. 2013. 28(4):704-
14. 
319. Smith-Spangler CM, Juusola JL, Enns EA, Owens DK, Garber AM. Population 
Strategies to Decrease Sodium Intake and the Burden of Cardiovascular DiseaseA 
Cost-Effectiveness Analysis. Ann Intern Med. 2010. 152(8):481-7. 
320. Scarborough P, Bhatnagar P, Wickramasinghe KK, Allender S, Foster C, Rayner 
M. The economic burden of ill health due to diet, physical inactivity, smoking, 
alcohol and obesity in the UK: an update to 2006–07 NHS costs. J Public Health. 
2011. 33(4):527-35. 
321. Zheng M, Wu JHY, Louie JCY, Flood VM, Gill T, Thomas B, et al. Typical food 
portion sizes consumed by Australian adults: results from the 2011–12 Australian 
National Nutrition and Physical Activity Survey. Sci Rep. 2016. 6:19596. 
322. Land M-A, Webster J, Christoforou A, Praveen D, Jeffery P, Chalmers J, et al. 
Salt intake assessed by 24 h urinary sodium excretion in a random and 
opportunistic sample in Australia. BMJ open. 2014. 4(1):e003720. 
323. Sui Z, Raubenheimer D, Cunningham J, Rangan A. Changes in Meat/Poultry/Fish 
Consumption in Australia: From 1995 to 2011–2012. Nutrients. 2016. 8(12):753. 
324. Mozaffarian D, Fahimi S, Singh GM, Micha R, Khatibzadeh S, Engell RE, et al. 
Global sodium consumption and death from cardiovascular causes. N Engl J Med. 
2014. 371(7):624-34. 
325. Micha R, Wallace SK, Mozaffarian D. Red and processed meat consumption and 
risk of incident coronary heart disease, stroke, and diabetes mellitus a systematic 
review and meta-analysis. Circulation. 2010. 121(21):2271-83. 




L, et al. Carcinogenicity of consumption of red and processed meat. Lancet Oncol. 
2015. 16(16):1599-600. 
327. Ruel G, Shi Z, Zhen S, Zuo H, Kröger E, Sirois C, et al. Association between 
nutrition and the evolution of multimorbidity: The importance of fruits and 
vegetables and whole grain products. Clin Nutr. 2014. 33(3):513-20. 
328. National Health and Medical Research Council. Australian Dietary Guidelines. 
Canberra: National Health and Medical Research Council; 2013. [cited 01 
October 2016]. Available from: http://www.eatforhealth.gov.au. 
329. World Health Organization (WHO). Diet, Nutrition, and the Prevention of 
Chronic Diseases. WHO Technical Report; Geneva: WHO; 2003. Series No. 916. 
330. Taylor AW, Dal Grande E, Wu J, Shi Z, Campostrini S. Ten-year trends in major 
lifestyle risk factors using an ongoing population surveillance system in Australia. 
Popul Health Metr. 2014. 12(1):1. 
331. Pollard CM, Miller MR, Daly AM, Crouchley KE, O'Donoghue KJ, Lang AJ, et 
al. Increasing fruit and vegetable consumption: success of the Western Australian 
Go for 2&5 (R) campaign. Public Health Nutr. 2008. 11(3):314. 
332. Australian Bureau of Statistics. Australian Health Survey: Updated Results. Daily 
intake of fruit and vegetables. Canberra: Australian Bureau of Statistics, 2011-12. 
[cited 13 May 2016]. Available from: 
http://www.abs.gov.au/ausstats/abs@.nsf/Lookup/C549D4433F6B74D7CA257
B8200179569?opendocument  
333. Tobias M, Turley M, Stefanogiannis N, Hoorn SV, Lawes C, Mhurchu CN, et al. 
Vegetable and fruit intake and mortality from chronic disease in New Zealand. 
Aust N Z J Public Health. 2006. 30(1):26-31. 




fruit and vegetable intake can be effective: a systematic review of the literature. J 
Nutr. 2005. 135(10):2486-95. 
335. Lee AJ, Kane S, Ramsey R, Good E, Dick M. Testing the price and affordability 
of healthy and current (unhealthy) diets and the potential impacts of policy change 
in Australia. BMC Public Health. 2016. 16(1):1-22. 
336. Afshin A, Penalvo J, Del Gobbo L, Kashaf M, Micha R, Morrish K, et al. CVD 
Prevention Through Policy: a Review of Mass Media, Food/Menu Labeling, 
Taxation/Subsidies, Built Environment, School Procurement, Worksite Wellness, 
and Marketing Standards to Improve Diet. Curr Cardiol Rep. 2015. 17(11):98. 
337. Murray CJL, Richards MA, Newton JN, Fenton KA, Anderson HR, Atkinson C, 
et al. UK health performance: findings of the Global Burden of Disease Study 
2010. Lancet. 381(9871):997-1020. 
338. Australian Bureau of Statistics. The role of beverages in the Australian diet: A 
secondary analysis of the Australian Health Survey. National Nutrition and 
Physical Activity Survey, 2011-12.  Canberra: Australian Bureau of Statistics; 
2012  
339. Greenwood D, Threapleton D, Evans C, Cleghorn C, Nykjaer C, Woodhead C, et 
al. Association between sugar-sweetened and artificially sweetened soft drinks 
and type 2 diabetes: systematic review and dose–response meta-analysis of 
prospective studies. Br J Nutr. 2014. 112(05):725-34. 
340. Moshtaghian H, Louie JCY, Charlton KE, Probst YC, Gopinath B, Mitchell P, et 
al. Added sugar intake that exceeds current recommendations is associated with 
nutrient dilution in older Australians. Nutrition. 2016. 32(9):937-42. 
341. Anand SS, Hawkes C, de Souza RJ, Mente A, Dehghan M, Nugent R, et al. Food 




Focused on the Globalized Food SystemA Report From the Workshop Convened 
by the World Heart Federation. J Am Coll Cardiol. 2015. 66(14):1590-614. 
342. Grimes CA, Wright JD, Liu K, Nowson CA, Loria CM. Dietary sodium intake is 
associated with total fluid and sugar-sweetened beverage consumption in US 
children and adolescents aged 2–18 y: NHANES 2005–2008. Am J Clin Nutr. 
2013. 98(1):189-96. 
343. Imamura F, O’Connor L, Ye Z, Mursu J, Hayashino Y, Bhupathiraju SN, et al. 
Consumption of sugar sweetened beverages, artificially sweetened beverages, and 
fruit juice and incidence of type 2 diabetes: systematic review, meta-analysis, and 
estimation of population attributable fraction. 2015. 351(h3576). 
344. Colchero MA, Popkin BM, Rivera JA, Ng SW. Beverage purchases from stores 
in Mexico under the excise tax on sugar sweetened beverages: observational 
study. BMJ. 2016. 352(h6704). 
345. Veerman JL, Sacks G, Antonopoulos N, Martin J. The Impact of a Tax on Sugar-
Sweetened Beverages on Health and Health Care Costs: A Modelling Study. PLoS 
One. 2016. 11(4):e0151460. 
346. Fletcher JM, Frisvold D, Tefft N. Can Soft Drink Taxes Reduce Population 
Weight? Contemp Econ Policy. 2010. 28(1):23-35. 
347. Afshin A, Micha R, Khatibzadeh S, Mozaffarian D. Consumption of nuts and 
legumes and risk of incident ischemic heart disease, stroke, and diabetes: a 
systematic review and meta-analysis. Am J Clin Nutr. 2014. 100(1):278-88. 
348. Wyness LA, Butriss JL, Stanner SA. Reducing the population's sodium intake: 
the UK Food Standards Agency's salt reduction programme. Public Health Nutr. 
2012. 15(2):254-61. 




traffic light food labeling intervention increases consumer awareness of health 
and healthy choices at the point-of-purchase. Prev Med. 2013. 57(4):253-7. 
350. Bollard T, Maubach N, Walker N, Ni Mhurchu C. Effects of plain packaging, 
warning labels, and taxes on young people’s predicted sugar-sweetened beverage 
preferences: an experimental study. Int J Behav Nutr Phys Act. 2016. 13(1):95. 
351. Cobiac LJ, Tam K, Veerman L, Blakely T. Taxes and Subsidies for Improving 
Diet and Population Health in Australia: A Cost-Effectiveness Modelling Study. 
PLoS Med. 2017. 14(2):e1002232. 
352. Livingstone KM, Celis-Morales C, Navas-Carretero S, San-Cristobal R, 
O’Donovan CB, Forster H, et al. Profile of European adults interested in internet-
based personalised nutrition: the Food4Me study. Eur J Nutr. 2016. 55(2):759-69. 
353. Wakefield MA, Coomber K, Durkin SJ, Scollo M, Bayly M, Spittal MJ, et al. 
Time series analysis of the impact of tobacco control policies on smoking 
prevalence among Australian adults, 2001-2011. Bull World Health Organ. 2014. 
92(6):413-22. 
354. Afshin A, Babalola D, McLean M, Yu Z, Ma W, Chen CY, et al. Information 
Technology and Lifestyle: A Systematic Evaluation of Internet and Mobile 
Interventions for Improving Diet, Physical Activity, Obesity, Tobacco, and 
Alcohol Use. J Am Heart Assoc. 2016. 5(9). 
355. Kerr DA, Harray AJ, Pollard CM, Dhaliwal SS, Delp EJ, Howat PA, et al. The 
connecting health and technology study: a 6-month randomized controlled trial to 
improve nutrition behaviours using a mobile food record and text messaging 
support in young adults. Int J Behav Nutr Phys Act. 2016. 13(1):52. 
356. Michels KB, Schulze MB. Can dietary patterns help us detect diet–disease 




357. Langsetmo L, Poliquin S, Hanley DA, Prior JC, Barr S, Anastassiades T, et al. 
Dietary patterns in Canadian men and women ages 25 and older: relationship to 
demographics, body mass index, and bone mineral density. BMC Musculoskelet 
Disord. 2010. 11:20. 
358. van den Hooven EH, Ambrosini GL, Huang R-C, Mountain J, Straker L, Walsh 
JP, et al. Identification of a dietary pattern prospectively associated with bone 
mass in Australian young adults. Am J Clin Nutr 2015 102: 5 1035-1043. 2015. 
359. Grande ED, Taylor AW. Sampling and coverage issues of telephone surveys used 
for collecting health information in Australia: results from a face-to-face survey 
from 1999 to 2008. BMC Med Res Methodol. 2010. 10(1):1-11. 
360. Giles GG, PD I. Dietary Questionnaire for Epidemiological Studies (Version 2). 
Melbourne: The Cancer Council Victoria; 1996. 
361. National Heart Foundation, Australian Institute of Health and Welfare: Risk factor 
prevalence study: Survey no 3 Canberra: NHF; 1989. 
362. World Health Organization. Physical status: the use and interpretation of 
anthropometry. Report of a WHO Expert Committee. WHO Technical Report 
Series 854. Geneva: WHO; 1995. 




364. D'Onise R, Shanahan EM, Gill T, Hill CL. Does leisure time physical activity 
protect against shoulder pain at work? Occup Med. 2010. 60(5):383-8. 
365. Weiss BD, Mays MZ, Martz W, Castro KM, DeWalt DA, Pignone MP, et al. 




Med. 2005. 3(6):514-22. 
366. Baker DW, Williams MV, Parker RM, Gazmararian JA, Nurss J. Development of 
a brief test to measure functional health literacy. Patient Educ Couns. 1999. 
38(1):33-42. 
367. Appleton SL, Seaborn CJ, Visvanathan R, Hill CL, Gill TK, Taylor AW, et al. 
Diabetes and Cardiovascular Disease Outcomes in the Metabolically Healthy 
Obese Phenotype: A cohort study. Diabetes Care. 2013. 36(8):2388-94. 
368. Goldberg G, Black A, Jebb S, Cole T, Murgatroyd P, Coward W, et al. Critical 
evaluation of energy intake data using fundamental principles of energy 
physiology: 1. Derivation of cut-off limits to identify under-recording. Eur J Clin 
Nutr. 1991. 45(12):569-81. 
369. Black AE. Critical evaluation of energy intake using the Goldberg cut-off for 
energy intake: basal metabolic rate. A practical guide to its calculation, use and 
limitations. Int J Obes Relat Metab Disord. 2000. 24(9):1119-30. 
370. Barros AJ, Hirakata VN. Alternatives for logistic regression in cross-sectional 
studies: an empirical comparison of models that directly estimate the prevalence 
ratio. BMC Med Res Methodol. 2003. 3:21. 
371. Jankovic N, Steppel MT, Kampman E, de Groot LC, Boshuizen HC, Soedamah-
Muthu SS, et al. Stability of dietary patterns assessed with reduced rank 
regression; the Zutphen Elderly Study. Nutr J. 2014. 13(1):1-9. 
372. Zantinge EM, van den Berg M, Smit HA, Picavet HS. Retirement and a healthy 
lifestyle: opportunity or pitfall? A narrative review of the literature. Eur J Public 
Health. 2014. 24(3):433-9. 
373. Helldan A, Lallukka T, Rahkonen O, Lahelma E. Changes in healthy food habits 




374. Smith W, Mitchell P, Reay EM, Webb K, Harvey PWJ. Validity and 
reproducibility of a self-administered food frequency questionnaire in older 
people. Aust N Z J Public Health. 1998. 22(4):456-63. 
375. Newby PK, Weismayer C, Åkesson A, Tucker KL, Wolk A. Long-Term Stability 
of Food Patterns Identified by Use of Factor Analysis among Swedish Women. J 
Nutr. 2006. 136(3):626-33. 
376. Sahni S, Tucker KL, Kiel DP, Quach L, Casey VA, Hannan MT. Milk and yogurt 
consumption are linked with higher bone mineral density but not with hip fracture: 
the Framingham Offspring Study. Arch Osteoporos. 2013. 8:119. 
377. Bonjour JP, Carrie AL, Ferrari S, Clavien H, Slosman D, Theintz G, et al. 
Calcium-enriched foods and bone mass growth in prepubertal girls: a randomized, 
double-blind, placebo-controlled trial. J Clin Invest. 1997. 99(6):1287-94. 
378. Melaku YA, Gill TK, Adams R, Shi Z. Association between dietary patterns and 
low bone mineral density among adults aged 50 years and above: findings from 
the North West Adelaide Health Study (NWAHS). Br J Nutr. 2016. 116(8):1437-
46. 
379. Baglia ML, Gu K, Zhang X, Zheng Y, Peng P, Cai H, et al. Soy isoflavone intake 
and bone mineral density in breast cancer survivors. Cancer Causes Control. 2015. 
26(4):571-80. 
380. Sahni S, Broe KE, Tucker KL, McLean RR, Kiel DP, Cupples LA, et al. 
Association of total protein intake with bone mineral density (BMD) and bone 
loss in men and women from the Framingham Offspring Study. Public Health 
Nutr. 2014. 17(11):2570-6. 
381. Dai Z, Wang R, Ang LW, Yuan JM, Koh WP. Dietary B vitamin intake and risk 





382. Misra D, Berry SD, Broe KE, McLean RR, Cupples LA, Tucker KL, et al. Does 
dietary protein reduce hip fracture risk in elders? The Framingham Osteoporosis 
Study. Osteoporos Int. 2011. 22(1):345-9. 
383. Orchard TS, Larson JC, Alghothani N, Bout-Tabaku S, Cauley JA, Chen Z, et al. 
Magnesium intake, bone mineral density, and fractures: results from the Women's 
Health Initiative Observational Study. Am J Clin Nutr. 2014. 99(4):926-33. 
384. Hayhoe RP, Lentjes MA, Luben RN, Khaw KT, Welch AA. Dietary magnesium 
and potassium intakes and circulating magnesium are associated with heel bone 
ultrasound attenuation and osteoporotic fracture risk in the EPIC-Norfolk cohort 
study. Am J Clin Nutr. 2015. 102(2):376-84. 
385. Cao Y, Wittert G, Taylor AW, Adams R, Appleton S, Shi Z. Nutrient patterns and 
chronic inflammation in a cohort of community dwelling middle-aged men. Clin 
Nutr. 2016. 
386. Edefonti V, Decarli A, Vecchia CL, Bosetti C, Randi G, Franceschi S, et al. 
Nutrient dietary patterns and the risk of breast and ovarian cancers. Int J Cancer. 
2008. 122(3):609-13. 
387. De Stefani E, Boffetta P, Fagundes RB, Deneo-Pellegrini H, Ronco AL, Acosta 
G, et al. Nutrient patterns and risk of squamous cell carcinoma of the esophagus: 
a factor analysis in uruguay. Anticancer Res. 2008. 28(4C):2499-506. 
388. Pisa PT, Pedro TM, Kahn K, Tollman SM, Pettifor JM, Norris SA. Nutrient 
patterns and their association with socio-demographic, lifestyle factors and 
obesity risk in rural South African adolescents. Nutrients. 2015. 7(5):3464-82. 
389. Grant JF, Chittleborough CR, Taylor AW, Dal Grande E, Wilson DH, Phillips PJ, 




segmentation of a cohort for selected chronic diseases. Epidemiol Perspect Innov. 
2006. 3:4-. 
390. Hodge A, Patterson AJ, Brown WJ, Ireland P, Giles G. The Anti Cancer Council 
of Victoria FFQ: relative validity of nutrient intakes compared with weighed food 
records in young to middle-aged women in a study of iron supplementation. Aust 
N Z J Public Health. 2000. 24(6):576-83. 
391. Moskal A, Pisa PT, Ferrari P, Byrnes G, Freisling H, Boutron-Ruault M-C, et al. 
Nutrient Patterns and Their Food Sources in an International Study Setting: 
Report from the EPIC Study. PLoS One. 2014. 9(6):e98647. 
392. de Jonge EA, Kiefte-de Jong JC, Hofman A, Uitterlinden AG, Kieboom BC, 
Voortman T, et al. Dietary patterns explaining differences in bone mineral density 
and hip structure in the elderly: the Rotterdam Study. Am J Clin Nutr 2015 102: 
5 1035-1043. 2016. 
393. Allès B, Samieri C, Lorrain S, Jutand M-A, Carmichael P-H, Shatenstein B, et al. 
Nutrient Patterns and Their Food Sources in Older Persons from France and 
Quebec: Dietary and Lifestyle Characteristics. Nutrients. 2016. 8(4):225. 
394. Penido MGMG, Alon US. Phosphate homeostasis and its role in bone health. 
Pediatr Nephrol. 2012. 27(11):2039-48. 
395. Magne D, Bluteau G, Faucheux C, Palmer G, Vignes-Colombeix C, Pilet P, et al. 
Phosphate is a specific signal for ATDC5 chondrocyte maturation and apoptosis-
associated mineralization: possible implication of apoptosis in the regulation of 
endochondral ossification. J Bone Miner Res. 2003. 18(8):1430-42. 
396. Hayhoe RP, Lentjes MA, Luben RN, Khaw K-T, Welch AA. Dietary magnesium 
and potassium intakes and circulating magnesium are associated with heel bone 




study. Am J Clin Nutr. 2015. 
397. Sellmeyer DE, Schloetter M, Sebastian A. Potassium citrate prevents increased 
urine calcium excretion and bone resorption induced by a high sodium chloride 
diet. J Clin Endocrinol Metab. 2002. 87(5):2008-12. 
398. Zheng J, Mao X, Ling J, He Q, Quan J, Jiang H. Association between serum level 
of magnesium and postmenopausal osteoporosis: a meta-analysis. Biol Trace 
Elem Res. 2014. 159(1-3):8-14. 
399. Prynne CJ, Ginty F, Paul AA, Bolton-Smith C, Stear SJ, Jones SC, et al. Dietary 
acid-base balance and intake of bone-related nutrients in Cambridge teenagers. 
Eur J Clin Nutr. 2004. 58(11):1462-71. 
400. Savanelli MC, Barrea L, Macchia PE, Savastano S, Falco A, Renzullo A, et al. 
Preliminary results demonstrating the impact of Mediterranean diet on bone 
health. J Transl Med. 2017. 15(1):81. 
401. Tucker KL, Hannan MT, Qiao N, Jacques PF, Selhub J, Cupples LA, et al. Low 
plasma vitamin B12 is associated with lower BMD: the Framingham Osteoporosis 
Study. J Bone Miner Res. 2005. 20(1):152-8. 
402. Fratoni V, Brandi M. B Vitamins, Homocysteine and Bone Health. Nutrients. 
2015. 7(4):2176. 
403. Farrell VA, Harris M, Lohman TG, Going SB, Thomson CA, Weber JL, et al. 
Comparison between dietary assessment methods for determining associations 
between nutrient intakes and bone mineral density in postmenopausal women. J 
Am Diet Assoc. 2009. 109(5):899-904. 
404. Longo AB, Ward WE. PUFAs, Bone Mineral Density, and Fragility Fracture: 
Findings from Human Studies. Adv Nutr. 2016. 7(2):299-312. 




a food frequency questionnaire in free-living older people in relation to cognitive 
function. J Nutr Health Aging. 2008. 12(10):735-41. 
406. Wiklund R, Toots A, Conradsson M, Olofsson B, Holmberg H, Rosendahl E, et 
al. Risk factors for hip fracture in very old people: a population-based study. 
Osteoporos Int. 2016. 27(3):923-31. 
407. Cauley JA, Cawthon PM, Peters KE, Cummings SR, Ensrud KE, Bauer DC, et al. 
Risk Factors for Hip Fracture in Older Men: The Osteoporotic Fractures in Men 
Study (MrOS). J Bone Miner Res. 2016. 31(10):1810-9. 
408. Zeng F-f, Wu B-h, Fan F, Xie H-l, Xue W-q, Zhu H-l, et al. Dietary Patterns and 
the Risk of Hip Fractures in Elderly Chinese: A Matched Case-Control Study. J 
Clin Endocrinol Metab. 2013. 98(6):2347-55. 
409. Dai Z, Butler LM, van Dam RM, Ang L-W, Yuan J-M, Koh W-P. Adherence to 
a Vegetable-Fruit-Soy Dietary Pattern or the Alternative Healthy Eating Index Is 
Associated with Lower Hip Fracture Risk among Singapore Chinese. J Nutr. 
2014. 144(4):511-8. 
410. Virtanen JK, Mozaffarian D, Willett WC, Feskanich D. Dietary intake of 
polyunsaturated fatty acids and risk of hip fracture in men and women. Osteoporos 
Int. 2012. 23(11):2615-24. 
411. Snellman G, Byberg L, Lemming EW, Melhus H, Gedeborg R, Mallmin H, et al. 
Long-term dietary vitamin D intake and risk of fracture and osteoporosis: a 
longitudinal cohort study of Swedish middle-aged and elderly women. J Clin 
Endocrinol Metab. 2014. 99(3):781-90. 
412. McTiernan A, Wactawski-Wende J, Wu L, Rodabough RJ, Watts NB, Tylavsky 
F, et al. Low-fat, increased fruit, vegetable, and grain dietary pattern, fractures, 




Trial. Am J Clin Nutr. 2009. 89(6):1864-76. 
413. Sornay-Rendu E, Duboeuf F, Boutroy S, Chapurlat RD. Muscle mass is associated 
with incident fracture in postmenopausal women: The OFELY study. Bone. 2017. 
94:108-13. 
414. Mozaffarian D. Dietary and Policy Priorities for Cardiovascular Disease, 
Diabetes, and Obesity. Circulation. 2016. 133(2):187-225. 
415. Zhang B, Zhai F, Du S, Popkin BM. The China Health and Nutrition Survey, 
1989–2011. Obes Rev. 2014. 15(0 1):10.1111/obr.12119. 
416. Berecki-Gisolf J, McClure R, Seubsman SA, Sleigh A. Reporting of lifetime 
fractures: methodological considerations and results from the Thai Cohort Study. 
BMJ Open. 2012. 2(4). 
417. Zhai FY, Du SF, Wang ZH, Zhang JG, Du WW, Popkin BM. Dynamics of the 
Chinese diet and the role of urbanicity, 1991-2011. Obes Rev. 2014. 15 Suppl 
1:16-26. 
418. Hu FB, Stampfer MJ, Rimm E, Ascherio A, Rosner BA, Spiegelman D, et al. 
Dietary fat and coronary heart disease: a comparison of approaches for adjusting 
for total energy intake and modeling repeated dietary measurements. Am J 
Epidemiol. 1999. 149(6):531-40. 
419. Nguyen ND, Frost SA, Center JR, Eisman JA, Nguyen TV. Development of 
prognostic nomograms for individualizing 5-year and 10-year fracture risks. 
Osteoporos Int. 2008. 19(10):1431-44. 
420. Granic A, Jagger C, Davies K, Adamson A, Kirkwood T, Hill TR, et al. Effect of 
Dietary Patterns on Muscle Strength and Physical Performance in the Very Old: 
Findings from the Newcastle 85+ Study. PLoS One. 2016. 11(3):e0149699. 




patterns associated with fall-related fracture in elderly Japanese: a population 
based prospective study. BMC Geriatr. 2010. 10(1):31. 
422. Fougère B, Mazzuco S, Spagnolo P, Guyonnet S, Vellas B, Cesari M, et al. 
Association between the Mediterranean-style dietary pattern score and physical 
performance: Results from TRELONG study. J Nutr Health Aging. 2016. 
20(4):415-9. 
423. Mangano KM, Walsh SJ, Kenny AM, Insogna KL, Kerstetter JE. Dietary acid 
load is associated with lower bone mineral density in men with low intake of 
dietary calcium. J Bone Miner Res. 2014. 29(2):500-6. 
424. Buclin T, Cosma M, Appenzeller M, Jacquet A-F, Décosterd LA, Biollaz J, et al. 
Diet Acids and Alkalis Influence Calcium Retention in Bone. Osteoporos Int. 
2001. 12(6):493-9. 
425. Shariati-Bafghi SE, Nosrat-Mirshekarlou E, Karamati M, Rashidkhani B. Higher 
Dietary Acidity is Associated with Lower Bone Mineral Density in 
Postmenopausal Iranian Women, Independent of Dietary Calcium Intake. Int J 
Vitam Nutr Res. 2014. 84(3-4):206-17. 
426. Fenton TR, Tough SC, Lyon AW, Eliasziw M, Hanley DA. Causal assessment of 
dietary acid load and bone disease: a systematic review & meta-analysis applying 
Hill's epidemiologic criteria for causality. Nutr J. 2011. 10:41. 
427. Shivappa N, Hébert JR, Karamati M, Shariati-Bafghi S-E, Rashidkhani B. 
Increased inflammatory potential of diet is associated with bone mineral density 
among postmenopausal women in Iran. Eur J Nutr. 2016. 55(2):561-8. 
428. Campbell WW, Tang M. Protein intake, weight loss, and bone mineral density in 
postmenopausal women. J Gerontol A Biol Sci Med Sci. 2010. 65(10):1115-22. 




load increases fractional calcium absorption and urinary calcium excretion 
without affecting markers of bone resorption or formation in postmenopausal 
women. J Nutr. 2011. 141(3):391-7. 
430. Hardy R, Cooper MS. Bone loss in inflammatory disorders. J Endocrinol. 2009. 
201(3):309-20. 
431. Cauley JA, Danielson ME, Boudreau RM, Forrest KY, Zmuda JM, Pahor M, et 
al. Inflammatory markers and incident fracture risk in older men and women: the 
Health Aging and Body Composition Study. J Bone Miner Res. 2007. 22(7):1088-
95. 
432. Warriner AH, Patkar NM, Curtis JR, Delzell E, Gary L, Kilgore M, et al. Which 
fractures are most attributable to osteoporosis? J Clin Epidemiol. 2011. 64(1):46-
53. 
433. Burge R, Dawson-Hughes B, Solomon DH, Wong JB, King A, Tosteson A. 
Incidence and economic burden of osteoporosis-related fractures in the United 
States, 2005-2025. J Bone Miner Res. 2007. 22(3):465-75. 
434. Zhao L-G, Shu X-O, Li H-L, Zhang W, Gao J, Sun J-W, et al. Dietary antioxidant 
vitamins intake and mortality: A report from two cohort studies of Chinese adults 
in Shanghai. J Epidemiol. 2017. 27(3):89-97. 
435. Waijers PM, Feskens EJ, Ocke MC. A critical review of predefined diet quality 
scores. Br J Nutr. 2007. 97(2):219-31. 
436. Arvaniti F, Panagiotakos DB. Healthy indexes in public health practice and 
research: a review. Crit Rev Food Sci Nutr. 2008. 48(4):317-27. 
437. Devlin UM, McNulty BA, Nugent AP, Gibney MJ. The use of cluster analysis to 
derive dietary patterns: methodological considerations, reproducibility, validity 




438. Schulze MB, Hoffmann K. Methodological approaches to study dietary patterns 
in relation to risk of coronary heart disease and stroke. Br J Nutr. 2006. 95(5):860-
9. 
439. Rajatanavin R, Chailurkit L, Saetung S, Thakkinstian A, Nimitphong H. The 
efficacy of calcium supplementation alone in elderly Thai women over a 2-year 
period: A randomized controlled trial. Osteoporos Int. 2013. 24(11):2871-7. 
440. Tucker KL, Hannan MT, Chen H, Cupples LA, Wilson PW, Kiel DP. Potassium, 
magnesium, and fruit and vegetable intakes are associated with greater bone 
mineral density in elderly men and women. Am J Clin Nutr. 1999. 69(4):727-36. 
441. Zhou W, Langsetmo L, Berger C, Poliquin S, Kreiger N, Barr SI, et al. 
Longitudinal changes in calcium and vitamin D intakes and relationship to bone 
mineral density in a prospective population-based study: the Canadian 
Multicentre Osteoporosis Study (CaMos). J Musculoskelet Neuronal Interact. 
2013. 13(4):470-9. 
442. Ocke MC. Evaluation of methodologies for assessing the overall diet: dietary 
quality scores and dietary pattern analysis. Proc Nutr Soc. 2013. 72(2):191-9. 
443. Rizzoli R. Dairy products, yogurts, and bone health. Am J Clin Nutr. 2014. 99(5 
Suppl):1256S-62S. 
444. van Dam RM, Grievink L, Ocke MC, Feskens EJ. Patterns of food consumption 
and risk factors for cardiovascular disease in the general Dutch population. Am J 
Clin Nutr. 2003. 77(5):1156-63. 
445. Slattery ML. Analysis of dietary patterns in epidemiological research. Appl 
Physiol Nutr Metab. 2010. 35(2):207-10. 
446. Pedone C, Napoli N, Pozzilli P, Rossi FF, Lauretani F, Bandinelli S, et al. Dietary 




Coll Nutr. 2011. 30(2):149-54. 
447. Blackwell M, Honaker J, King G. A Unified Approach to Measurement Error and 
Missing Data Overview and Applications. Sociol Methods Res. 2015. 46(3):303-
41. 
448. Brenner H, Loomis D. Varied forms of bias due to nondifferential error in 
measuring exposure. Epidemiology. 1994. 5(5):510-7. 
449. Jia T, Byberg L, Lindholm B, Larsson TE, Lind L, Michaëlsson K, et al. Dietary 
acid load, kidney function, osteoporosis, and risk of fractures in elderly men and 
women. Osteoporos Int. 2015. 26(2):563-70. 
450. Reedy J, Krebs-Smith SM, Hammond RA, Hennessy E. Advancing the Science 
of Dietary Patterns Research to Leverage a Complex Systems Approach. J Acad 
Nutr Diet. 2017. 117(7):1019-22. 
451. Reedy J, Subar A, George S, Krebs-Smith S. Extending Methods in Dietary 
Patterns Research. Nutrients. 2018. 10(5):571. 
452. Varady KA. Meal frequency and timing: impact on metabolic disease risk. Curr 
Opin Endocrinol Diabetes Obes. 2016. 23(5):379-83. 
453. Schmid SM, Hallschmid M, Schultes B. The metabolic burden of sleep loss. 
Lancet Diabetes Endocrinol. 2015. 3(1):52-62. 
454. Manolis K, Ana E, Adela C, Inés G-A, Marcela G, Vicente M, et al. Effect of 
mistimed eating patterns on breast and prostate cancer risk (MCC-Spain Study). 
Int J Cancer. 2018. 0(0). 
455. Panaretos D, Koloverou E, Dimopoulos AC, Kouli GM, Vamvakari M, Tzavelas 
G, et al. A comparison of statistical and machine-learning techniques in evaluating 
the association between dietary patterns and 10-year cardiometabolic risk (2002-





























Appendix I – Supplementary Tables 
Supplementary Table 3.1 Theoretical minimum risk exposure levels (TMREL) used in GBD risk factors study 2015 




Overall dietary risks   92.9% 
Diet low in fruits Average daily consumption of fruits (fresh, frozen, cooked, canned, or 
dried, excluding fruit juices and salted or pickled fruits) 
Consumption of fruit between 200 g 
and 300 g per day 
88.9% 
Diet low in vegetables Average daily consumption of vegetables (fresh, frozen, cooked, canned, 
or dried vegetables, including legumes but excluding salted or pickled 
vegetables, juices, nuts and seeds, and starchy vegetables such as potatoes 
or corn) 
Consumption of vegetables between 
340 g and 500 g per day 
88.9% 
Diet low in whole grains Average daily consumption of whole grains (bran, germ, and endosperm 
in their natural proportion) from breakfast cereals, bread, rice, pasta, 
biscuits, muffins, tortillas, pancakes, and other sources 
Consumption of whole grains between 
100 g and 150 g per day 
16.2% 
Diet low in nuts and seeds Average daily consumption of nut and seed foods  Consumption of nuts and seeds 
between 16 g and 25 g per day 
88.9% 
Diet low in milk Average daily consumption of milk, including non-fat, low fat, and full-
fat milk, excluding soy milk and other plant Derivatives  
Consumption of milk between 350 g 
and 520 g per day 
88.9% 
Diet high in red meat Average daily consumption of red meat (beef, pork, lamb, and, goat but 
excluding poultry, fish, eggs, and all processed meats) 
Consumption of red meat between 18 
g and 27 g per day 
88.9% 
Diet high in processed 
meat 
Average daily consumption of meat preserved by smoking, 
curing, salting, or addition of chemical preservatives 
Consumption of processed meat 
between 0 g and 4 g per day 
27.3% 
Diet high in sugar 
sweetened 
beverages 
Average daily consumption of beverages with ≥50 kcal per 226.8 g 
serving, including carbonated beverages, sodas, energy drinks, and fruit 
drinks, but excluding 100% fruit and vegetable juices 
Consumption of sugar-sweetened 









Source: GBD 2015 Risk Factors Collaborators. Global, regional, and national comparative risk assessment of 79 behavioural, environmental and occupational, and metabolic 
risks or clusters of risks, 1990–2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet. 2016; 388:1659–1724. GBD-Global Burden of Disease 
Diet low in fibre Average daily intake of fibre from all sources including fruits, vegetables, 
grains, legumes, and pulses 
Consumption of fibre between 19 g 
and 28 g per day 
88.9% 
Diet suboptimal in calcium Average daily intake of calcium from all sources, including milk, yogurt, 
and cheese 
Consumption of calcium between 1.0 
g and 1.50 g per day 
88.9% 
Diet low in seafood 
omega-3 fatty 
acids 
Average daily intake of eicosapentaenoic acid and docosahexaenoic acid Consumption of seafood omega-3 
fatty acids between 200 mg and 300 
mg per day  
88.9% 
Diet low in 
polyunsaturated fatty 
acids 
Average daily intake of omega-6 fatty acids from all sources, mainly 
liquid vegetable oils, including soybean oil, corn oil, and safflower oil 
Consumption of   polyunsaturated 
fatty acids between 9% and 13% of 
total daily energy 
88.9% 
Diet high in trans fatty 
acids 
Average daily intake of trans fat from all sources, mainly partially 
hydrogenated vegetable oils and ruminant products 
Consumption of trans fatty acids 
between 0% and 1% of total daily 
energy 
39.9% 
Diet high in sodium 24 h urinary sodium measured in mg per day  Consumption of sodium between 1 g 









Supplementary Table 4.1 Epidemiological evidence supporting causality between dietary risk-outcome pairs included in the Global 
Burden of Disease 2015 study 
Risk Outcome  Citation 
Diet low in fruits Lip and oral cavity cancer, 
Nasopharynx cancer, Other 
pharynx cancer, and Larynx 
cancer 
Key TJ. Fruit and vegetables and cancer risk. British Journal of Cancer 2011; 104: 6–11. 
Diet low in fruits Oesophageal cancer Liu J, Wang J, Leng Y, Lv C. Intake of fruit and vegetables and risk of esophageal squamous cell 
carcinoma: a meta-analysis of observational studies. Int J Cancer 2013; 133: 473–85. 
Diet low in fruits Tracheal, bronchus and lung 
cancer 
Vieira AR, Abar L, Vingeliene S, et al. Fruits, vegetables and lung cancer risk: a systematic review 
and metaanalysis.Ann Oncol 2016; 27: 81–96. 
Diet low in fruits Ischaemic heart disease Wang X, Ouyang Y, Liu J, et al. Fruit and vegetable consumption and mortality from all causes, 
cardiovascular disease, and cancer: systematic review and dose-response meta-analysis of 
prospective cohort studies. BMJ 2014; 349: g4490. 
Diet low in fruits Ischaemic stroke Hu D, Huang J, Wang Y, Zhang D, Qu Y. Fruits and vegetables consumption and risk of stroke: a 
metaanalysis of prospective cohort studies. Stroke 2014; 45: 1613–9. 
Diet low in fruits Hemorrhagic stroke Hu D, Huang J, Wang Y, Zhang D, Qu Y. Fruits and vegetables consumption and risk of stroke: a 
metaanalysis of prospective cohort studies. Stroke 2014; 45: 1613–9. 
Diet low in fruits Diabetes Li M, Fan Y, Zhang X, Hou W, Tang Z. Fruit and vegetable intake and risk of type 2 diabetes 
mellitus: metaanalysis of prospective cohort studies. BMJ open 2014; 4(11): e005497. 
Diet low in vegetables Oesophageal cancer Liu J, Wang J, Leng Y, Lv C. Intake of fruit and vegetables and risk of esophageal squamous cell 
carcinoma: a meta-analysis of observational studies. Int J Cancer 2013; 133: 473–85. 
Diet low in vegetables Ischaemic heart disease Wang X, Ouyang Y, Liu J, et al. Fruit and vegetable consumption and mortality from all causes, 
cardiovascular disease, and cancer: systematic review and dose-response meta-analysis of 
prospective cohort studies. BMJ 2014; 349: g4490. 
Diet low in vegetables Ischaemic stroke, Hemorrhagic 
stroke 
Hu D, Huang J, Wang Y, Zhang D, Qu Y. Fruits and vegetables consumption and risk of stroke: a 
metaanalysis of prospective cohort studies. Stroke 2014; 45: 1613–9. 
Diet low in whole grains Diabetes Aune D, Norat T, Romundstad P, Vatten LJ. Whole grain and refined grain consumption and the 
risk of type 2 diabetes: a systematic review and dose-response meta-analysis of cohort studies. Eur 
J Epidemiol 2013; 28: 845–58. 
Diet low in whole grains Ischaemic heart disease Aune D, Keum N, Giovannucci E, et al. Whole grain consumption and risk of cardiovascular 
disease, cancer, and all cause and cause specific mortality: systematic review and dose-response 








Risk Outcome  Citation 
Diet low in whole grains Ischaemic heart disease, Diabetes Afshin A, Micha R, Khatibzadeh S, Mozaffarian D. Consumption of nuts and legumes and risk of 
incident ischemic heart disease, stroke, and diabetes: a systematic review and meta-analysis. Am J 
Clin Nutr 2014; 100: 278–88. 
Diet low in milk Colon and rectum cancer World Cancer Research Fund, American Institute for Cancer Research, Imperial College London. 
WCRF/AICR Systematic Literature Review Continuous Update Project Report: The Associations 
between Food, Nutrition and Physical Activity and the Risk of Colorectal Cancer. Oct 2010. 
Diet high in red meat Colon and rectum cancer World Cancer Research Fund, American Institute for Cancer Research, Imperial College London. 
WCRF/AICR Systematic Literature Review Continuous Update Project Report: The Associations 
between Food, Nutrition and Physical Activity and the Risk of Colorectal Cancer. Oct 2010. 
Diet high in red meat Diabetes Pan A, Sun Q, Bernstein AM, et al. Red meat consumption and risk of type 2 diabetes: 3 cohorts of 
US adults and an updated meta-analysis. Am J Clin Nutr 2011; 94: 1088–96. 
Diet high in processed meat Colon and rectum cancer World Cancer Research Fund, American Institute for Cancer Research, Imperial College London. 
WCRF/AICR Systematic Literature Review Continuous Update Project Report: The Associations 
between Food, Nutrition and Physical Activity and the Risk of Colorectal Cancer. Oct 2010. 
Diet high in processed meat Ischaemic heart disease Micha R, Wallace SK, Mozaffarian D. Red and processed meat consumption and risk of incident 
coronary heart disease, stroke, and diabetes mellitus: a systematic review and meta-analysis. 
Circulation 2010; 121: 2271–83. 
Diet high in processed meat Diabetes Pan A, Sun Q, Bernstein AM, et al. Red meat consumption and risk of type 2 diabetes: 3 cohorts of 
US adults and an updated meta-analysis. Am J Clin Nutr 2011; 94: 1088–96. 
Diet high in sugar-sweetened 
beverages and high body-mass 
index 
Not applicable Malik VS, Pan A, Willett WC, Hu FB. Sugar-sweetened beverages and weight gain in children and 
adults: a systematic review and meta-analysis. Am J Clin Nutr 2013; 98: 1084–102. 
Diet low fibre Colon and rectum cancer World Cancer Research Fund, American Institute for Cancer Research, Imperial College London. 
WCRF/AICR Systematic Literature Review Continuous Update Project Report: The Associations 
between Food, Nutrition and Physical Activity and the Risk of Colorectal Cancer. Oct 2010. 
Diet low in fibre Ischaemic heart disease Threapleton DE, Greenwood DC, Evans CE, et al. Dietary fibre intake and risk of cardiovascular 
disease: systematic review and meta-analysis. BMJ (Clinical research ed) 2013; 347: f6879. 
Diet low in calcium Colon and rectum cancer World Cancer Research Fund, American Institute for Cancer Research, Imperial College London. 
WCRF/AICR Systematic Literature Review Continuous Update Project Report: The Associations 
between Food, Nutrition and Physical Activity and the Risk of Colorectal Cancer. Oct 2010. 
Diet low in seafood omega-3 
fats 
Ischaemic heart disease Chowdhury R, Stevens S, Gorman D, et al. Association between fish consumption, long chain omega 
3 fatty acids, and risk of cerebrovascular disease: systematic review and meta-analysis. BMJ 








Risk Outcome  Citation 
Diet low in polyunsaturated fats Ischaemic heart disease Farvid MS, Ding M, Pan A, et al. Dietary linoleic acid and risk of coronary heart disease: a 
systematic review and meta-analysis of prospective cohort studies. Circulation 2014; 130: 1568–
78. 
Diet low in polyunsaturated fats Ischaemic heart disease Mozaffarian D, Micha R, Wallace S. Effects on coronary heart disease of increasing 
polyunsaturated fat in place of saturated fat: a systematic review and meta-analysis of randomized 
controlled trials. PLoS Med 2010; 7: e1000252. 
Diet high in trans fats Ischaemic heart disease Mozaffarian D, Clarke R. Quantitative effects on cardiovascular risk factors and coronary heart 
disease risk of replacing partially hydrogenated vegetable oils with other fats and oils. Eur J Clin 
Nutr. 2009; 63(Suppl 2): S22-33. 
Diet high in sodium and high 
systolic blood pressure 
Not applicable Aburto NJ, Ziolkovska A, Hooper L, Elliott P, Cappuccio FP, Meerpohl JJ. Effect of lower sodium 
intake on health: systematic review and meta-analyses. BMJ 2013; 346: f1326. 
Diet high in sodium Stomach cancer World Cancer Research Fund, American Institute for Cancer Research. Food, Nutrition, Physical 
Activity, and the Prevention of Cancer: a Global Perspective. Washington DC: AICR, 2007. 
Source: GBD 2015 Risk Factors Collaborators. Global, regional, and national comparative risk assessment of 79 behavioural, environmental and occupational, and metabolic 








Supplementary Table 4.2 List of data sources for exposure levels used in Global Burden of Disease 2015 study for Australia 
Source: http://ghdx.healthdata.org/ 
 
N   Sources 
1 Australia National Nutrition Survey 1995-1996 as it appears in Global Dietary Database Consortium, Nutrition and Chronic Disease Expert Group (NutriCoDE). Global 
Dietary Database 1980-2011. [Unpublished] 
2 Beard TC, Eickhoff R, Mejglo ZA, Jones M, Bennett SA, Dwyer T. Population-based survey of human sodium and potassium excretion. Clin Exp Pharmacol Physiol. 
1992; 19(5): 327-30 as it appears in Global Dietary Database Consortium, Nutrition and Chronic Disease Expert Group (NutriCoDE). Global Dietary Database 1980-
2011. [Unpublished] 
3 Beard TC, Woodward DR, Ball PJ, Hornsby H, von Witt RJ, Dwyer T. The Hobart Salt Study 1995: few meet national sodium intake target. Med J Aust. 1997; 166(8): 
404-7 as it appears in Global Dietary Database Consortium, Nutrition and Chronic Disease Expert Group (NutriCoDE). Global Dietary Database 1980-2011. 
[Unpublished] 
4 Charlton K, Yeatman H, Houweling F, Guenon S. Urinary sodium excretion, dietary sources of sodium intake and knowledge and practices around salt use in a group of 
healthy Australian women. Aust N Z J Public Health. 2010; 34(4): 356Â–63 as it appears in Global Dietary Database Consortium, Nutrition and Chronic Disease Expert 
Group (NutriCoDE). Global Dietary Database 1980-2011. [Unpublished] 
5 Euromonitor International. Partially Hydrogenated Vegetable Oil Sales Database 
6 Food and Agriculture Organization of the United Nations (FAO). FAOSTAT Food Balance Sheets, May 2013. Rome, Italy: Food and Agriculture Organization of the 
United Nations (FAO) 
7 Margerison C, Nowson C. Dietary intake and 24-hour excretion of sodium and potassium. Asia Pac J Clin Nutr. 2006; 15(Suppl 3): S37 as it appears in Global Dietary 
Database Consortium, Nutrition and Chronic Disease Expert Group (NutriCoDE). Global Dietary Database 1980-2011. [Unpublished] 
8 Notowidjojo L, Truswell A. Urinary sodium and potassium in a sample of healthy adults in Sydney, Australia. Asia Pac J Clin Nutr. 1993; 2(1): 25-33 as it appears in 
Global Dietary Database Consortium, Nutrition and Chronic Disease Expert Group (NutriCoDE). Global Dietary Database 1980-2011. [Unpublished] 
9 Salt Intake in New South Wales, Australia - Results of a 24-Hour Urinary Sodium Excretion Study in a Representative Adult Population Sample as it appears in Global 








Supplementary Table 4.3 Covariates and mediators used in Global Burden of Disease 2015 dietary risk factors study 
























































































































































Diet low in fruits √ √ √ √ √ √  √ √ √ √ 
Diet low in vegetables √ √ √ √ √ √  √ √ √ √ 
Diet low in whole grains √ √ √ √ √ x  √ √ √ x 
Diet low in nuts and 
seeds 
√ √ √ √ √ √  √ √ √ √ 
Diet low in milk √ √ √ √ √ √  x x x x 
Diet high in red meat √ √ √ √ √ √  √ x √ x 
Diet high in processed 
meat 
√ √ √ √ √ x National availability of 
red meat 
(grams/person/day) 




√ x √ √ 
Diet high in sugar-
sweetened beverages 
√ √ √ √ √ x National availability of 
sugar 
(Kcal/person/day) 
x x x x 
Diet low in fiber √ √ √ √ √ √  x √ x x 
Diet suboptimal in 
calcium 
√ √ √ √ √ √  x x x x 
Diet low in seafood 
omega-3 fatty acids 
√ √ √ √ √ √ Landlocked nation 
(Yes,/No) 
√ x x √ 
Diet low in 
polyunsaturated fatty 
acids 








Source: GBD 2015 Risk Factors Collaborators. Global, regional, and national comparative risk assessment of 79 behavioural, environmental and occupational, and metabolic 
risks or clusters of risks, 1990–2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet. 2016; 388:1659–1724. FAO – Food and Agriculture 
Organization; FFQ – food frequency questionnaire; HBS – household budget survey; √ – used ; x – not used 
Diet high in trans fatty 
acids 




√ √ x x 
Diet high in sodium 
 








Supplementary Table 4.4 Diet-related deaths from specific causes (diseases) in Australia by age in 1990 and 2015 
 Age category  Metric 1990 (95% UI)  2015 (95% UI)  Percent of change (95% UI) 
  Diabetes, urogenital, 




Cancer Diabetes, urogenital, 




Cancer Diabetes, urogenital, 





25-49 years Number 53 (42 - 64) 1065 (958 - 
1165) 
168 (127 - 
210) 
70 (55 - 85) 754 (664 - 851) 164 (122 - 204) 32.3 (30.1 to 33.8) -29.2 (-30.6 to -27) -2.7 (-4.4 to -2.9) 
  Rate (per 100,000) 1 (0 - 1) 12 (11 - 13) 2 (1 - 2) 1 (0 - 1) 6 (5 - 7) 1 (1 - 2) 0 (-2.2 to 0) -46.6 (-47.7 to -
44.9) 
-27 (-27.9 to -26.5) 
50-69 years Number 280 (212 - 348) 6794 (5777 - 
7704) 
1214 (894 - 
1560) 
363 (274 - 451) 3602 (3051 - 4106) 1308 (952 - 
1672) 
29.8 (29.6 to 29.6) -47 (-47.2 to -46.7) 7.7 (6.5 to 7.2) 
  Proportion (%) 23.9 (18.3 - 29.4) 58.9 (50.2 - 66.7) 10.3 (7.6 - 
13.3) 
22.9 (17.5 - 28.4) 55.4 (47.3 - 63.2) 8.7 (6.4 - 11.2) -3.9 (-4.5 to -3.4) -6 (-5.8 to -5.3) -15.4 (-16.3 to -15.8) 
  Rate (per 100,000) 9 (7 - 12) 230 (196 - 261) 41 (30 - 53) 7 (5 - 8) 65 (55 - 74) 24 (17 - 30) -31 (-31.2 to -31.2) -71.8 (-71.9 to -
71.7) 
-42.8 (-43.4 to -43) 
70+ years Number 542 (382 - 724) 17802 (14718 - 
20936) 
1515 (1110 - 
1942) 
1195 (821 - 1614) 19309 (15892 - 
22694) 
2649 (1959 - 
3383) 
120.4 (114.9 to 
122.9) 
8.5 (8 to 8.4) 74.9 (76.5 to 74.2) 
  Proportion (%) 14.6 (10.3 - 19.5) 44.4 (36.9 - 51.6) 10.1 (7.5 - 
12.9) 
12.6 (8.7 - 17.2) 40 (33.2 - 46.9) 8.9 (6.5 - 11.2) -13.6 (-16 to -11.7) -9.9 (-10.1 to -9) -12.7 (-12.6 to -13.1) 
  Rate (per 100,000) 44 (31 - 59) 1446 (1196 - 
1701) 
123 (90 - 158) 52 (35 - 70) 833 (686 - 979) 114 (85 - 146) 17.1 (14.1 to 18.4) -42.4 (-42.6 to -
42.4) 
-7.1 (-6.2 to -7.5) 
All Ages Number 874 (647 - 1127) 25660 (21472 - 
29680) 
2897 (2167 - 
3666) 
1627 (1162 - 2133) 23665 (19622 - 
27590) 
4121 (3044 - 
5165) 
86.1 (79.6 to 89.3) -7.8 (-8.6 to -7) 42.2 (40.5 to 40.9) 
  Proportion (%) 16.8 (12.5 - 21.7) 48.1 (40.4 - 55.3) 9.9 (7.4 - 12.4) 14.2 (10.2 - 18.8) 42.3 (35.3 - 49.1) 8.7 (6.4 - 10.9) -15.6 (-18.5 to -
13.3) 
-12.2 (-12.6 to -
11.2) 
-12.2 (-12.7 to -12.1) 
  Rate (per 100,000) 5 (4 - 7) 151 (126 - 174) 17 (13 - 22) 7 (5 - 9) 97 (81 - 113) 17 (13 - 21) 30.2 (25.8 to 32.5) -35.4 (-36 to -34.9) -0.5 (-1.6 to -1.3) 
Age-
standardized 
Proportion (%) 16.6 (12.3 - 21.4) 47.9 (40.3 - 55.1) 9.9 (7.4 - 12.4) 14.8 (10.8 - 19.4) 43.1 (36.1 - 49.9) 8.6 (6.3 - 10.8) -10.6 (-12.2 to -9.4) -10.1 (-10.4 to -9.3) -13.5 (-14.2 to -13.3) 
  Rate (per 100,000) 5 (4 - 6) 144 (121 - 167) 16 (12 - 20) 5 (3 - 6) 62 (52 - 72) 12 (9 - 15) -7.2 (-8.9 to -7) -56.9 (-57.1 to -
56.8) 
-27.1 (-28.1 to -27.5) 









Supplementary Table 4.5 Age-standardized burden of non-communicable diseases (expressed as percentage of deaths and disability-
adjusted life years) associated with dietary risks by sex, and rank and burden percentage change of OECD countries between 1990 and 
2015 
Country Sex Death  (95% UI) DALYs (95% UI) 
  1990   2015     1990   2015     
  Proportion (%) Rank Proportion (%) Rank Change (%) Proportion (%) Rank Proportion (%)  Rank Change (%) 
Netherlands Males 25.9 (21.9 - 29.9) 4 (4 - 4) 18.2 (15.1 - 21.2) 1 (1 - 1) -29.8 (-33.4 to -26.8) 18.2 (15.3 - 21.2) 9 (8 - 8) 11.0 (9.1 – 13.0) 4 (4 - 4) -39.5 (-42.6 to -36.5) 
 Females 20.5 (17.3 – 24.0) 3 (3 - 3) 13.5 (11.2 - 16.1) 1 (1 - 1) -33.9 (-38.1 to -30.0) 9.5 (7.9 - 11.4) 3 (3 - 3) 5.7 (4.7 - 6.9) 4 (4 - 4) -39.6 (-43.5 to -35.5) 
 Both 23.7 (20.0 - 27.4) 4 (4 - 4) 16.1 (13.4 – 19.0) 1 (1 - 1) -32.1 (-35.3 to -29.3) 14.1 (11.8 - 16.6) 5 (5 - 5) 8.4 (6.9 – 10.0) 3 (3 - 4) -40.4 (-43.4 to -37.6) 
France Males 21.8 (18.6 - 25.3) 2 (2 - 2) 18.4 (15.7 - 21.2) 2 (1 - 2) -15.7 (-19.1 to -12.3) 14.4 (12.1 - 16.8) 2 (2 - 2) 10.9 (9 - 12.8) 3 (3 - 3) -24.3 (-27.3 to -21.1) 
 Females 19.0 (16.0 - 22.5) 1 (2 - 2) 15.0 (12.7 - 17.8) 2 (2 - 3) -20.8 (-24.4 to -16.9) 7.6 (6.2 - 9.2) 1 (1 - 1) 5.3 (4.3 - 6.4) 2 (3 - 3) -29.8 (-33 to -26.6) 
 Both 20.7 (17.6 - 24.1) 2 (2 - 2) 17.0 (14.4 - 19.7) 2 (2 - 2) -17.9 (-20.6 to -15.0) 11.2 (9.3 - 13.3) 1 (1 - 1) 8.2 (6.7 - 9.8) 2 (2 - 2) -26.7 (-29.2 to -24.1) 
Israel Males 29.3 (24.6 - 34.1) 17 (15 - 17) 19.4 (16.2 - 22.9) 4 (4 - 5) -33.6 (-36.6 to -30.4) 19.2 (16.1 - 22.7) 14 (12 - 15) 11.4 (9.5 - 13.6) 6 (6 - 6) -40.7 (-43.8 to -37.3) 
 Females 24.7 (20.3 - 29.3) 13 (10 - 19) 15.2 (12.5 - 18.5) 3 (2 - 4) -38.6 (-42.2 to -35.2) 12.2 (10.0 - 14.9) 20 (18 - 21) 6.1 (4.9 - 7.5) 8 (5 - 8) -50.2 (-53.6 to -46.5) 
 Both 27.1 (22.5 - 31.8) 14 (11 - 14) 17.4 (14.4 - 20.8) 3 (3 - 4) -35.8 (-38.8 to -33.0) 15.7 (13.0 - 18.7) 15 (13 - 15) 8.7 (7.2 - 10.5) 6 (5 - 6) -44.5 (-47.5 to -41.2) 
Spain Males 24.1 (20.4 – 28.0) 3 (3 - 3) 18.9 (16.0 – 22.0) 3 (3 - 3) -21.6 (-24.9 to -18.4) 16.7 (14.0 - 19.4) 4 (4 - 4) 11.7 (9.8 - 13.8) 7 (7 - 8) -29.8 (-32.9 to -26.7) 
 Females 21.6 (18.0 - 25.8) 5 (5 - 5) 15.8 (13.0 – 19.0) 5 (4 - 7) -27.0 (-30.3 to -23.2) 9.9 (8.1 - 12.1) 4 (4 - 4) 6.0 (4.9 - 7.4) 6 (5 - 7) -38.8 (-41.5 to -36.1) 
 Both 23.1 (19.5 – 27.0) 3 (3 - 3) 17.6 (14.8 - 20.7) 4 (3 - 4) -23.8 (-26.5 to -21.2) 13.5 (11.3 – 16.0) 4 (4 - 4) 9.0 (7.5 - 10.7) 7 (7 - 7) -33.4 (-35.9 to -30.7) 
Denmark Males 31.5 (27.0 - 35.7) 22 (22 - 22) 20.4 (17.4 - 23.4) 6 (6 - 7) -35.1 (-38.2 to -31.8) 20.9 (17.8 – 24.0) 21 (21 - 21) 11.8 (9.9 - 13.9) 9 (9 - 9) -43.5 (-46.1 to -40.4) 
 Females 25.1 (21.4 - 28.7) 16 (12 - 17) 16.1 (13.7 - 18.6) 7 (5 - 7) -35.9 (-39.2 to -32.5) 11.7 (9.8 - 13.8) 16 (15 - 16) 6.6 (5.4 - 7.8) 12 (11 - 12) -43.8 (-47.1 to -40.5) 
 Both 28.6 (24.6 - 32.4) 21 (17 - 22) 18.4 (15.8 - 21.1) 5 (5 - 5) -35.7 (-38.4 to -33.1) 16.5 (13.9 - 19.1) 20 (20 - 21) 9.2 (7.7 – 11.0) 10 (9 - 10) -43.9 (-46.5 to -41.1) 
Switzerland Males 26.3 (22.4 - 30.4) 5 (5 - 6) 20.8 (17.6 - 24.1) 10 (10 - 10) -21.1 (-24.3 to -17.6) 16.3 (13.7 - 19.2) 3 (3 - 3) 10.5 (8.7 - 12.6) 1 (1 - 2) -35.6 (-38.8 to -32.6) 
 Females 21.2 (17.9 - 24.7) 4 (4 - 4) 15.9 (13.3 - 18.9) 6 (5 - 6) -25.0 (-28.8 to -20.7) 8.2 (6.7 - 9.9) 2 (2 - 2) 5.0 (4.1 - 6.1) 1 (1 - 1) -39.1 (-42.6 to -35.5) 
 Both 24.1 (20.4 - 27.8) 5 (5 - 5) 18.5 (15.7 - 21.6) 6 (6 - 6) -23.2 (-26.1 to -20.1) 12.4 (10.3 - 14.7) 3 (2 - 3) 7.7 (6.4 - 9.3) 1 (1 - 1) -37.4 (-40.2 to -34.8) 
Mexico Males 19.3 (16.5 - 22.3) 1 (1 - 1) 19.5 (16.5 - 22.6) 5 (4 - 5) 0.9 (-1.6 to 3.3) 13.6 (11.6 - 15.7) 1 (1 - 1) 13.6 (11.6 - 15.8) 21 (19 - 21) 0.5 (-2.3 to 3.0) 
 Females 19.0 (16.0 - 22.3) 1 (1 - 1) 18.0 (15.1 - 21.3) 16 (16 - 16) -5.1 (-7.6 to -2.3) 11.1 (9.2 - 13.1) 13 (12 - 13) 10.1 (8.3 - 12.1) 28 (28 - 29) -8.4 (-10.8 to -5.6) 
 Both 19.2 (16.3 - 22.4) 1 (1 - 1) 18.8 (15.9 – 22.0) 7 (7 - 10) -1.8 (-3.9 to 0.4) 12.3 (10.4 - 14.4) 2 (2 - 3) 11.9 (10.0 – 14.0) 26 (26 - 26) -3.3 (-5.5 to -1.1) 
Norway Males 31.9 (27.4 - 36.3) 23 (23 - 24) 20.6 (17.6 - 23.6) 7 (8 - 9) -35.7 (-38.3 to -32.9) 21.1 (17.9 - 24.3) 23 (23 - 23) 11.2 (9.4 - 13.1) 5 (5 - 5) -47 (-49.4 to -44.5) 
 Females 25.0 (21.2 - 28.9) 15 (13 - 15) 16.7 (14.2 - 19.4) 9 (9 - 10) -33.3 (-36.3 to -29.9) 10.6 (8.7 - 12.6) 7 (7 - 8) 6.0 (4.9 - 7.2) 5 (5 - 7) -43.2 (-46.4 to -39.8) 
 Both 29.1 (24.9 - 33.2) 23 (24 - 24) 18.8 (16.0 - 21.7) 7 (7 - 8) -35.3 (-37.6 to -32.9) 16.2 (13.6 - 18.9) 18 (17 - 18) 8.7 (7.2 - 10.2) 5 (5 - 6) -46.5 (-48.8 to -44.0) 
Belgium Males 26.3 (22.6 – 30.0) 6 (5 - 6) 20.6 (17.7 - 23.5) 8 (7 - 11) -21.7 (-24.9 to -18.9) 18.1 (15.4 - 20.9) 7 (6 - 9) 12.3 (10.4 - 14.3) 11 (11 - 11) -32 (-35.0 to -29.1) 
 Females 23.1 (19.7 - 26.7) 7 (6 - 8) 16.5 (14.0 - 19.4) 8 (8 - 9) -28.4 (-31.8 to -25.4) 10.9 (9.1 - 12.9) 11 (10 - 12) 6.7 (5.5 – 8.0) 13 (13 - 13) -38.2 (-41.2 to -35.2) 
 Both 25.0 (21.5 - 28.5) 6 (6 - 7) 18.8 (16.1 - 21.7) 9 (7 - 9) -24.8 (-27.2 to -22.4) 14.7 (12.4 - 17.1) 8 (7 - 9) 9.6 (8 - 11.3) 12 (12 - 14) -34.6 (-37.2 to -32.0) 
United Kingdom Males 32.3 (28.1 - 36.3) 24 (23 - 25) 21.9 (18.9 - 24.8) 15 (14 - 16) -32.3 (-34.3 to -30.0) 22.6 (19.5 - 25.7) 26 (26 - 26) 12.6 (10.7 - 14.6) 13 (13 - 13) -44.2 (-46.3 to -41.7) 
 Females 25.4 (21.9 – 29.0) 18 (16 - 21) 15.7 (13.4 - 18.2) 4 (3 - 6) -38.1 (-40.4 to -35.9) 12.5 (10.4 - 14.6) 22 (20 - 22) 6.6 (5.4 - 7.8) 11 (11 - 12) -47.3 (-49.3 to -45.2) 
 Both 29.3 (25.4 - 33.1) 24 (25 - 23) 19.0 (16.3 - 21.6) 10 (7 - 10) -35.4 (-37.3 to -33.5) 17.8 (15.1 - 20.4) 26 (26 - 26) 9.6 (8.1 - 11.3) 13 (12 - 13) -45.9 (-47.7 to -43.9) 
Canada Males 28.8 (24.8 - 32.5) 15 (12 - 17) 21.5 (18.5 - 24.5) 12 (11 - 14) -25.3 (-27.9 to -22.6) 19.2 (16.5 – 22.0) 13 (11 - 14) 12.4 (10.5 - 14.4) 12 (12 - 12) -35.2 (-37.8 to -32.4) 
 Females 23.5 (19.9 - 27.2) 9 (8 - 9) 16.8 (14.2 - 19.6) 11 (10 - 11) -28.5 (-31.8 to -25.4) 10.6 (8.9 - 12.6) 8 (7 - 11) 6.8 (5.7 - 8.1) 15 (14 - 15) -36.3 (-39.2 to -33.3) 
 Both 26.6 (22.8 - 30.3) 11 (9 - 12) 19.4 (16.6 - 22.3) 11 (11 - 11) -27.1 (-29.5 to -24.8) 15.1 (12.8 - 17.5) 11 (9 - 12) 9.6 (8.1 - 11.3) 14 (13 - 14) -36.2 (-38.4 to -33.8) 
Australia Males 28.4 (24.1 - 32.6) 11 (11 - 13) 20.7 (17.5 - 23.8) 9 (8 - 9) -27.2 (-29.8 to -24.5) 17.8 (15.0 - 20.7) 5 (5 - 5) 10.7 (9.0 - 12.5) 2 (1 - 2) -39.8 (-42.6 to -37.2) 
 Females 24.9 (21.0 - 28.9) 14 (14 - 14) 17.7 (15.0 - 20.6) 15 (13 - 15) -28.8 (-31.9 to -25.4) 10.4 (8.6 - 12.4) 6 (6 - 6) 6.1 (5.0 - 7.3) 7 (6 - 8) -41.4 (-44.6 to -38.1) 
 Both 27.0 (22.9 - 31.1) 13 (13 - 14) 19.4 (16.4 - 22.4) 12 (11 - 12) -28.2 (-30.6 to -25.7) 14.3 (11.9 - 16.8) 6 (6 - 6) 8.4 (7.0 - 9.9) 4 (3 - 4) -41.0 (-43.5 to -38.5) 
Chile Males 27.4 (23.2 - 32.2) 9 (9 - 9) 21.0 (17.4 - 25.2) 11 (6 - 15) -23.5 (-27.5 to -19.6) 18.1 (15.3 - 21.3) 6 (7 - 9) 13.4 (11.1 – 16.0) 20 (17 - 21) -26.1 (-29.9 to -22.3) 
 Females 25.1 (21.5 – 29.0) 17 (17 - 18) 17.6 (14.9 – 21.0) 14 (15 - 13) -29.8 (-33.6 to -26.0) 12.9 (10.9 - 15.2) 24 (23 - 25) 8.3 (7.0 – 10.0) 24 (23 - 25) -35.7 (-39.2 to -32.0) 
 Both 26.4 (22.5 - 30.7) 10 (10 - 12) 19.4 (16.3 - 23.3) 13 (11 - 15) -26.2 (-29.5 to -23.1) 15.5 (13.1 - 18.2) 13 (13 - 14) 10.8 (9.0 – 13.0) 21 (21 - 21) -30.3 (-33.4 to -27.1) 
New Zealand Males 28.4 (24.1 - 32.4) 10 (11 - 12) 21.5 (18.4 - 24.8) 13 (12 - 13) -24.1 (-26.8 to -21.4) 19.1 (16.1 - 22.1) 12 (13 - 13) 11.9 (10.0 – 14.0) 10 (10 - 10) -37.6 (-40.4 to -34.5) 








Country Sex Death  (95% UI) DALYs (95% UI) 
  1990   2015     1990   2015     
  Proportion (%) Rank Proportion (%) Rank Change (%) Proportion (%) Rank Proportion (%)  Rank Change (%) 
 Both 26.1 (22.1 - 30.1) 9 (7 - 9) 19.7 (16.7 - 22.9) 14 (14 - 14) -24.8 (-26.9 to -22.6) 15.1 (12.6 - 17.6) 10 (10 - 10) 9.3 (7.7 – 11.0) 11 (11 - 11) -38.3 (-41 to -35.6) 
Luxembourg Males 28.5 (24.5 - 32.3) 12 (10 - 14) 21.5 (18.5 - 24.7) 13 (12 - 15) -24.3 (-27.4 to -21.5) 19.4 (16.6 - 22.4) 15 (14 - 15) 11.7 (9.8 - 13.6) 7 (7 - 7) -39.8 (-42.7 to -37) 
 Females 24.5 (20.9 - 28.6) 12 (11 - 13) 17.6 (14.9 - 20.7) 13 (14 - 14) -28.2 (-31.5 to -24.5) 11.6 (9.6 - 13.9) 15 (15 - 16) 6.5 (5.3 - 7.8) 10 (9 - 10) -44 (-47 to -41.0) 
 Both 26.7 (22.9 - 30.6) 12 (11 - 13) 19.7 (16.9 - 22.8) 15 (13 - 14) -26.1 (-28.6 to -23.6) 15.7 (13.2 - 18.4) 14 (14 - 16) 9.1 (7.6 - 10.8) 8 (8 - 9) -41.7 (-44 to -39.4) 
Portugal Males 29.2 (24.7 - 34.2) 16 (16 - 19) 22.0 (18.5 - 25.6) 16 (13 - 16) -24.8 (-27.8 to -21.7) 20.1 (16.9 - 23.7) 17 (17 - 18) 13.4 (11.1 - 15.9) 19 (19 - 20) -33.5 (-36.7 to -30.2) 
 Females 26.3 (21.7 - 31.4) 23 (19 - 24) 19.1 (15.8 - 23.1) 20 (17 - 20) -27.4 (-30.6 to -23.9) 13.0 (10.7 - 15.9) 25 (24 - 25) 7.4 (6.1 - 9.2) 19 (19 - 19) -43.0 (-45.6 to -40.3) 
 Both 27.9 (23.3 - 32.9) 16 (16 - 21) 20.7 (17.4 - 24.4) 16 (16 - 17) -25.7 (-28.3 to -22.8) 16.6 (13.9 - 19.9) 23 (20 - 24) 10.5 (8.7 - 12.6) 19 (19 - 20) -37.1 (-39.8 to -34.4) 
United States Males 30.0 (25.9 - 33.9) 19 (16 - 19) 22.9 (19.9 – 26.0) 18 (17 - 20) -23.4 (-25.5 to -21.6) 20.2 (17.5 - 23.1) 18 (16 - 20) 14.8 (12.8 - 16.9) 26 (24 - 26) -27.0 (-29.3 to -24.6) 
 Females 25.5 (21.7 - 29.2) 19 (20 - 18) 18.7 (16.0 - 21.7) 17 (17 - 19) -26.5 (-28.6 to -24.6) 12.2 (10.3 - 14.3) 19 (17 - 21) 9.0 (7.6 - 10.5) 26 (26 - 26) -26.5 (-29.3 to -23.9) 
 Both 28.0 (24.1 - 31.8) 17 (15 - 19) 21.0 (18.0 – 24.0) 17 (16 - 17) -25.1 (-26.9 to -23.3) 16.3 (14.0 - 18.8) 19 (16 - 23) 11.9 (10.2 - 13.7) 25 (24 - 27) -27.0 (-29.2 to -24.8) 
Germany Males 30.9 (26.4 - 35.4) 20 (20 - 21) 23.2 (19.8 - 26.9) 20 (19 - 20) -24.9 (-27.4 to -22.3) 21.0 (17.8 - 24.3) 22 (22 - 22) 13.2 (11 - 15.5) 17 (16 - 17) -37.3 (-39.9 to -34.9) 
 Females 26.1 (22.0 - 30.3) 21 (21 - 22) 19.1 (15.9 - 22.6) 19 (18 - 19) -26.9 (-30.1 to -23.5) 12.0 (9.9 - 14.4) 17 (17 - 19) 7.0 (5.7 - 8.5) 16 (16 - 16) -42.1 (-44.6 to -39.6) 
 Both 28.6 (24.3 - 32.8) 20 (20 - 20) 21.3 (18.0 – 25.0) 18 (18 - 19) -25.5 (-28.0 to -23.1) 16.5 (13.9 - 19.5) 21 (19 - 21) 10.2 (8.4 - 12.2) 16 (15 - 17) -38.7 (-40.9 to -36.5) 
Italy Males 27.0 (23.0 - 31.2) 7 (7 - 8) 22.8 (19.5 - 26.4) 17 (17 - 18) -15.7 (-18.8 to -12.4) 18.2 (15.5 - 21.1) 8 (7 - 10) 13.1 (11.1 - 15.4) 16 (16 - 18) -27.8 (-30.6 to -24.7) 
 Females 24.3 (20.3 - 28.9) 11 (10 - 14) 19.7 (16.4 - 23.9) 21 (21 - 21) -19.2 (-22.8 to -15.3) 10.8 (8.8 – 13.0) 10 (10 - 11) 7.1 (5.8 - 8.6) 17 (17 - 17) -34.5 (-37.1 to -31.7) 
 Both 25.9 (21.9 - 30.2) 8 (8 - 8) 21.4 (18.2 - 25.3) 19 (19 - 20) -17.2 (-20.1 to -14.5) 14.6 (12.3 - 17.3) 7 (8 - 8) 10.1 (8.4 – 12.0) 15 (15 - 16) -31.0 (-33.3 to -28.5) 
Iceland Males 32.5 (27.8 – 37.0) 25 (24 - 25) 25.0 (21.2 - 28.6) 26 (25 - 25) -23.3 (-25.7 to -20.9) 20.3 (17.0 - 23.7) 19 (18 - 19) 13.0 (10.8 - 15.3) 14 (14 - 14) -35.9 (-38.7 to -33.4) 
 Females 24.2 (20.4 – 28.0) 10 (9 - 12) 16.8 (14.0 - 19.8) 10 (8 - 11) -30.7 (-34.1 to -27.1) 10.1 (8.3 - 12.1) 5 (5 - 5) 5.3 (4.3 - 6.4) 2 (2 - 2) -47.7 (-51 to -44.0) 
 Both 28.8 (24.5 – 33.0) 22 (21 - 22) 21.5 (18.3 - 24.7) 20 (18 - 20) -25.4 (-27.7 to -23.1) 15.3 (12.8 – 18.0) 12 (11 - 12) 9.2 (7.6 – 11.0) 9 (8 - 10) -39.9 (-42.3 to -37.5) 
Ireland Males 33.0 (28.8 - 37.1) 26 (26 - 27) 24.6 (21.3 – 28.0) 24 (23 - 26) -25.5 (-28.2 to -22.9) 21.9 (18.6 - 25.2) 25 (25 - 25) 13.7 (11.6 - 16.1) 22 (22 - 22) -37.2 (-40.4 to -33.9) 
 Females 26.2 (22.5 - 30.1) 22 (25 - 20) 18.8 (16.1 - 21.7) 18 (18 - 20) -28.4 (-31.5 to -25.2) 12.1 (10.1 - 14.4) 18 (18 - 19) 6.4 (5.3 - 7.8) 9 (9 - 10) -46.9 (-51.4 to -42.5) 
 Both 30.1 (26.0 – 34.0) 26 (25 - 26) 22.2 (19.1 - 25.3) 21 (21 - 21) -26.3 (-28.6 to -23.8) 17.2 (14.5 - 19.9) 24 (23 - 24) 10.2 (8.5 - 12.1) 17 (16 - 17) -40.5 (-43.4 to -37.8) 
Japan Males 28.5 (24.0 - 33.2) 13 (10 - 15) 23.8 (20.1 - 27.5) 21 (21 - 21) -16.6 (-18.9 to -14.2) 18.7 (15.8 – 22.0) 11 (11 - 12) 14.6 (12.3 - 17.3) 24 (24 - 26) -21.9 (-24.3 to -19.3) 
 Females 27.5 (23.0 - 32.3) 27 (26 - 27) 20.9 (17.6 - 24.7) 24 (24 - 25) -23.8 (-26.3 to -21.2) 12.6 (10.4 - 15.3) 23 (22 - 24) 7.9 (6.5 - 9.7) 22 (22 - 23) -37.1 (-39.1 to -35.0) 
 Both 28.1 (23.6 - 32.8) 18 (17 - 19) 22.8 (19.2 - 26.4) 22 (22 - 22) -19.2 (-21.5 to -16.8) 15.8 (13.2 - 18.9) 16 (15 - 18) 11.5 (9.6 - 13.7) 24 (24 - 25) -27.1 (-29.3 to -24.9) 
Slovenia Males 28.6 (24.3 - 33.2) 14 (13 - 14) 24.1 (20.3 - 28.1) 23 (22 - 24) -16.0 (-20.3 to -11.3) 20.6 (17.4 - 23.9) 20 (19 - 20) 14.1 (11.7 - 16.7) 23 (23 - 23) -31.5 (-35.8 to -27.5) 
 Females 25.8 (21.2 - 30.6) 20 (16 - 22) 21.6 (17.9 - 25.8) 26 (25 - 26) -16.3 (-20.2 to -11.6) 13.6 (11.3 - 16.4) 26 (26 - 26) 8.4 (6.9 - 10.2) 25 (24 - 25) -38.2 (-41.0 to -35.0) 
 Both 27.3 (23.0 - 31.9) 15 (15 - 16) 23.0 (19.3 - 27.2) 23 (23 - 27) -15.7 (-19.1 to -11.7) 17.2 (14.5 - 20.3) 25 (25 - 25) 11.5 (9.5 - 13.7) 23 (23 - 23) -33.6 (-37 to -30.2) 
Austria Males 29.7 (25.4 - 34.1) 18 (18 - 18) 23.9 (20.4 - 27.6) 22 (22 - 23) -19.4 (-22.2 to -16.6) 20.0 (16.9 - 23.3) 16 (16 - 17) 13.0 (10.9 - 15.4) 15 (15 - 15) -35.0 (-37.6 to -32.2) 
 Females 26.5 (22.1 - 31.2) 24 (23 - 23) 22.0 (18.1 - 26.1) 27 (27 - 27) -17.2 (-20.9 to -13.2) 12.3 (10.1 - 14.9) 21 (19 - 22) 7.6 (6.2 - 9.3) 20 (20 - 21) -38.0 (-40.4 to -35.4) 
 Both 28.2 (24.0 - 32.6) 19 (18 - 18) 23.1 (19.4 - 26.8) 24 (23 - 24) -18.3 (-20.9 to -15.3) 16.2 (13.5 - 19.1) 17 (17 - 19) 10.4 (8.6 - 12.4) 18 (18 - 18) -35.8 (-38.1 to -33.6) 
South Korea Males 33.3 (28.4 - 38.3) 27 (26 - 28) 23.2 (19.6 - 26.9) 19 (18 - 19) -30.4 (-34.3 to -26.6) 25.5 (21.9 - 29.5) 28 (29 - 28) 15.3 (13.0 – 18.0) 27 (27 - 27) -40.0 (-43.9 to -36.3) 
 Females 33.8 (28.5 - 39.6) 30 (29 - 31) 22.8 (19.1 – 27.0) 29 (29 - 28) -32.4 (-35.7 to -29.0) 20.4 (17.1 - 24.2) 32 (31 - 32) 9.5 (7.8 - 11.5) 27 (27 - 27) -53.4 (-56.3 to -50.5) 
 Both 33.6 (28.5 – 39.0) 28 (28 - 30) 23.2 (19.5 - 27.1) 25 (25 - 25) -31.1 (-34.2 to -28.0) 23.2 (19.8 – 27.0) 30 (30 - 30) 12.6 (10.6 – 15.0) 28 (28 - 28) -45.4 (-48.7 to -42.3) 
Sweden Males 34.2 (29.4 - 38.8) 29 (28 - 29) 25.4 (21.7 - 29.2) 28 (27 - 28) -25.8 (-28.4 to -23.3) 21.3 (17.9 - 24.6) 24 (24 - 24) 13.3 (11.1 - 15.7) 18 (19 - 18) -37.4 (-39.9 to -34.9) 
 Females 27.2 (22.9 - 31.5) 25 (25 - 26) 20.8 (17.4 - 24.4) 23 (23 - 23) -23.4 (-26.2 to -20.2) 11.5 (9.5 - 13.7) 14 (14 - 14) 7.7 (6.3 - 9.2) 21 (21 - 20) -33.2 (-36.0 to -30.4) 
 Both 31.1 (26.6 - 35.5) 27 (27 - 27) 23.3 (19.8 - 26.9) 26 (24 - 26) -25.2 (-27.4 to -22.8) 16.6 (13.9 - 19.5) 22 (21 - 22) 10.6 (8.8 - 12.5) 20 (19 - 20) -36.4 (-38.7 to -34.1) 
Greece Males 27.1 (22.6 - 31.9) 8 (7 - 8) 24.8 (20.8 - 29.1) 25 (24 - 26) -8.3 (-11.3 to -5.1) 18.3 (15.2 - 21.6) 10 (6 - 10) 15.7 (13.0 - 18.5) 28 (28 - 28) -14.5 (-17.9 to -11.1) 
 Females 23.3 (18.8 - 28.5) 8 (6 - 10) 21.4 (17.6 - 25.9) 25 (24 - 26) -8.1 (-12.0 to -3.2) 10.9 (8.6 - 13.5) 12 (7 - 13) 8.1 (6.5 - 10.1) 23 (24 - 22) -25.4 (-29.1 to -21.4) 
 Both 25.4 (20.9 - 30.3) 7 (6 - 10) 23.3 (19.4 - 27.7) 27 (26 - 28) -8.0 (-10.8 to -4.6) 14.7 (12.1 - 17.8) 9 (7 - 11) 12.0 (9.9 - 14.5) 27 (25 - 27) -18.3 (-21.5 to -14.9) 
Finland Males 36.8 (31.8 - 41.4) 30 (30 - 30) 26.0 (22.1 - 29.8) 29 (29 - 29) -29.5 (-32.1 to -26.5) 26.1 (22.4 - 29.8) 30 (30 - 30) 14.7 (12.4 - 17.2) 25 (25 - 25) -43.6 (-46.2 to -40.3) 
 Females 29.8 (25.2 - 34.4) 28 (28 - 28) 20.4 (17.0 – 24.0) 22 (22 - 22) -31.6 (-34.7 to -28.4) 14.0 (11.5 - 16.7) 27 (27 - 27) 7.3 (6.0 - 8.7) 18 (18 - 18) -48.0 (-50.5 to -45.6) 
 Both 33.7 (28.9 - 38.2) 29 (28 - 29) 23.5 (19.9 - 27.1) 28 (26 - 28) -30.4 (-32.7 to -27.9) 20.4 (17.2 - 23.6) 28 (28 - 28) 11.2 (9.3 - 13.1) 22 (22 - 22) -45.2 (-47.4 to -42.7) 
Turkey Males 31.0 (26.4 - 35.5) 21 (20 - 21) 25.3 (21.4 - 29.4) 27 (27 - 28) -18.1 (-23.6 to -12.5) 23.1 (19.9 - 26.5) 27 (27 - 27) 16.5 (13.9 - 19.2) 29 (29 - 29) -28.8 (-34.4 to -23.1) 
 Females 27.3 (22.3 - 32.4) 26 (24 - 27) 22.6 (18.4 - 27.1) 28 (28 - 29) -17.2 (-24.2 to -10.0) 14.9 (12.3 - 17.9) 28 (28 - 28) 10.2 (8.3 - 12.4) 29 (28 - 29) -31.7 (-38.6 to -24.2) 
 Both 29.5 (24.9 - 34.1) 25 (23 - 26) 24.2 (20.3 - 28.4) 29 (29 - 29) -17.9 (-22.9 to -13.1) 19.4 (16.4 - 22.5) 27 (27 - 27) 13.4 (11.2 - 15.9) 29 (29 - 29) -30.7 (-36.4 to -25.1) 
Singapore Males 34.1 (30.1 - 38.2) 28 (27 - 29) 30.1 (26.1 - 34.2) 30 (30 - 30) -11.8 (-15.2 to -8.4) 25.6 (22.3 - 28.9) 29 (28 - 29) 18.0 (15.3 - 21.2) 30 (30 - 30) -29.5 (-32.9 to -25.8) 
 Females 33.6 (29.1 - 38.3) 29 (29 - 30) 25.8 (21.8 – 30.0) 30 (30 - 30) -23.3 (-26.9 to -19.5) 19.1 (16.2 - 22.2) 29 (29 - 29) 10.5 (8.6 - 12.7) 30 (30 - 30) -45.1 (-48.2 to -42.0) 








Country Sex Death  (95% UI) DALYs (95% UI) 
  1990   2015     1990   2015     
  Proportion (%) Rank Proportion (%) Rank Change (%) Proportion (%) Rank Proportion (%)  Rank Change (%) 
Poland Males 41.8 (36.8 - 46.4) 32 (32 - 32) 33.1 (29.0 - 37.1) 31 (31 - 31) -20.9 (-23.2 to -18.5) 30.7 (26.9 - 34.5) 32 (32 - 32) 21.6 (18.8 - 24.5) 33 (31 - 33) -29.8 (-32.4 to -27.2) 
 Females 36.9 (31.9 - 41.9) 32 (32 - 32) 28.7 (24.8 - 32.9) 31 (31 - 31) -22.2 (-24.5 to -19.9) 19.9 (16.8 - 23.2) 30 (30 - 31) 12.4 (10.4 - 14.6) 31 (31 - 31) -37.8 (-40.2 to -35.4) 
 Both 39.6 (34.7 - 44.3) 32 (32 - 32) 31.2 (27.1 - 35.2) 31 (31 - 31) -21.2 (-23.1 to -19.3) 25.9 (22.5 - 29.4) 32 (32 - 32) 17.4 (14.9 – 20.0) 31 (31 - 32) -32.9 (-35.1 to -30.7) 
Hungary Males 38.8 (34.4 - 42.9) 31 (31 - 31) 34.4 (30.3 - 38.3) 32 (32 - 33) -11.3 (-14.3 to -8.6) 29.2 (26.0 - 32.4) 31 (31 - 31) 22.8 (20.0 - 25.9) 34 (34 - 34) -21.9 (-25.6 to -18.9) 
 Females 34.4 (30.0 – 39.0) 31 (30 - 31) 31.1 (26.9 - 35.4) 32 (32 - 32) -9.7 (-12.6 to -7.0) 20.0 (17.2 - 23.1) 31 (30 - 32) 14.7 (12.5 - 17.1) 34 (34 - 34) -26.5 (-29.3 to -23.6) 
 Both 36.8 (32.4 – 41.0) 31 (31 - 31) 32.8 (28.7 - 36.9) 32 (32 - 32) -10.7 (-13.1 to -8.5) 25.0 (21.9 - 28.2) 31 (31 - 31) 18.9 (16.4 - 21.6) 34 (34 - 34) -24.4 (-27.4 to -21.6) 
Czech Republic Males 42.4 (37.7 - 46.9) 33 (33 - 33) 35.6 (31.3 - 39.5) 34 (33 - 34) -16.2 (-18.6 to -13.8) 31.4 (27.7 – 35.0) 33 (33 - 33) 21.5 (18.5 - 24.6) 32 (32 - 32) -31.4 (-34.3 to -28.7) 
 Females 38.3 (33.7 - 43.2) 33 (33 - 33) 32.1 (28.1 - 36.2) 33 (33 - 33) -16.0 (-18.4 to -13.6) 21.4 (18.2 - 24.7) 33 (33 - 33) 13.6 (11.5 – 16.0) 32 (32 - 33) -36.1 (-38.4 to -34.0) 
 Both 40.6 (36.0 - 45.2) 33 (33 - 33) 34.1 (29.9 – 38.0) 33 (33 - 33) -16.1 (-18.0 to -14.1) 26.8 (23.4 - 30.2) 33 (33 - 33) 17.8 (15.2 - 20.6) 33 (33 - 32) -33.5 (-35.9 to -31.1) 
Estonia Males 45.7 (40.4 - 50.7) 35 (35 - 35) 35.1 (29.8 - 40.8) 33 (32 - 34) -23.2 (-27.9 to -16.1) 33.0 (28.9 - 37.1) 35 (35 - 35) 21.1 (17.8 - 24.9) 31 (31 - 33) -36.0 (-40.5 to -29.1) 
 Females 43.9 (38.4 - 49.4) 35 (35 - 35) 34.5 (28.9 – 41.0) 34 (34 - 35) -21.4 (-26.4 to -14.2) 23.0 (19.6 - 26.7) 35 (35 - 35) 14.0 (11.5 - 16.9) 33 (32 - 33) -39.4 (-43.4 to -34.1) 
 Both 44.9 (39.4 - 50.1) 35 (35 - 35) 34.8 (29.4 - 40.9) 34 (34 - 35) -22.4 (-27.0 to -16.2) 28.1 (24.3 - 32) 35 (35 - 35) 17.5 (14.7 - 20.9) 32 (31 - 33) -37.9 (-41.6 to -33) 
Slovakia Males 43.8 (38.9 - 48.5) 34 (34 - 34) 37.1 (32.5 - 41.4) 35 (35 - 35) -15.2 (-18.5 to -11.6) 31.7 (27.8 - 35.6) 34 (34 - 34) 23.2 (20.1 - 26.4) 35 (35 - 35) -26.9 (-30.5 to -23) 
 Females 41.4 (36.3 - 46.6) 34 (34 - 34) 35.0 (30.5 - 39.6) 35 (34 - 35) -15.4 (-18.2 to -11.2) 22.8 (19.4 - 26.4) 34 (34 - 34) 15.1 (12.7 - 17.6) 35 (35 - 35) -34.0 (-36.8 to -30.4) 
 Both 42.7 (37.8 - 47.5) 34 (34 - 34) 36.2 (31.7 - 40.6) 35 (34 - 35) -15.3 (-17.9 to -11.6) 27.8 (24.0 - 31.3) 34 (34 - 34) 19.4 (16.6 - 22.3) 35 (35 - 35) -30.3 (-33.4 to -26.8) 
Europe Males 34.1 (29.8 - 38.3)   30.2 (26.4 - 34.1)   -11.3 (-12.4 to -9.7) 24.2 (21.1 - 27.5)   19.8 (17.2 - 22.7)   -18.5 (-20.3 to -16.4) 
 Females 32.0 (27.7 - 36.4)   27.9 (24.2 - 31.9)   -12.7 (-14.1 to -11.3) 16.3 (13.7 - 19.1)   12.5 (10.5 - 14.6)   -23.4 (-25.2 to -21.5) 
 Both 33.3 (28.9 - 37.6)   29.3 (25.6 - 33.2)   -11.9 (-13 to -10.6) 20.5 (17.7 - 23.6)   16.4 (14 – 19.0)   -20.2 (-22.0 to -18.3) 
Global Males 31.5 (27.7 - 35.3)   31.7 (28.0 - 35.3)   0.6 (-1.0 to 2.2) 22.4 (19.7 - 25.4)   21.6 (19.0 - 24.4)   -3.7 (-6.1 to -1.4) 
 Females 29.4 (25.5 - 33.4)   28.4 (24.7 - 32.2)   -3.4 (-5.0 to -1.6) 17.0 (14.6 - 19.6)   14.9 (12.7 - 17.3)   -12.6 (-15.3 to -9.6) 
 Both 30.6 (26.8 - 34.5)   30.3 (26.6 – 34.0)   -1.0 (-2.2 to 0.3) 19.8 (17.3 - 22.7)   18.5 (16.1 - 21.2)   -6.9 (-9.0 to -4.6) 
High-income Males 29.0 (24.9 – 33.0)   22.5 (19.3 - 25.8)   -22.5 (-24.1 to -20.9) 19.7 (16.9 - 22.6)   13.7 (11.6 - 15.9)   -30.3 (-32.1 to -28.4) 
 Females 25.3 (21.5 - 29.2)   18.7 (15.9 - 21.9)   -26.1 (-27.8 to -24.4) 11.9 (10.0 - 14.2)   7.8 (6.5 - 9.3)   -35.1 (-36.9 to -33.2) 
 Both 27.4 (23.5 - 31.4)   20.8 (17.8 - 24.1)   -24.0 (-25.6 to -22.5) 16.0 (13.6 - 18.6)   10.8 (9.1 - 12.7)   -32.2 (-33.9 to -30.5) 
OECD Countries Males 29.7 (25.7 - 33.8)   23.0 (19.8 - 26.3)   -22.7 (-24.2 to -21.1) 20.4 (17.6 - 23.3)   14.2 (12.1 - 16.4)   -30.2 (-32.0 to -28.3) 
 Females 26.1 (22.3 – 30.0)   19.4 (16.5 - 22.7)   -25.5 (-27.0 to -23.9) 12.5 (10.6 - 14.9)   8.3 (6.9 - 9.8)   -34.0 (-35.8 to -32.1) 
 Both 28.2 (24.2 - 32.2)   21.4 (18.4 - 24.7)   -23.9 (-25.3 to -22.4) 16.6 (14.2 - 19.3)   11.3 (9.6 - 13.3)   -31.8 (-33.5 to -30.0) 
Ranking was based on the age-standardized relative contribution (population attributable fraction) to deaths and DALYs. Lower rank shows lower burden and vice versa. DALY 











Supplementary Table 4.6 Number of deaths and disability-adjudged life years from non-communicable diseases associated with dietary 
risks by sex and age between 1990 and 2015 in Australia and across OECD countries 
Country Deaths (95% UI) DALYs (95% UI) 
1990 2015 1990 2015 
Australia 29432 (33828 - 24933) 29414 (34058 - 24697) 523421 (593686 - 448831) 443385 (511388 - 377680) 
Austria 21482 (25017 - 18157) 18484 (21609 - 15384) 345146 (396484 - 295933) 249205 (288547 - 210231) 
Belgium 23470 (26889 - 20126) 18763 (21779 - 15920) 400885 (453067 - 347769) 287904 (332488 - 245885) 
Canada 45110 (51319 - 38616) 48867 (56521 - 41844) 854788 (968675 - 744087) 820335 (941846 - 704716) 
Chile 15834 (18326 - 13568) 20229 (24226 - 16909) 311565 (356435 - 271474) 368853 (436687 - 314739) 
Czech Republic 46577 (51837 - 41243) 34675 (38814 - 30267) 853914 (945041 - 763155) 546292 (614560 - 480196) 
Denmark 15342 (17473 - 13135) 8950 (10363 - 7615) 251147 (282266 - 217651) 143315 (164667 - 123128) 
Estonia 7437 (8298 - 6537) 5256 (6216 - 4432) 134178 (148766 - 119287) 74968 (87742 - 63760) 
Finland 14369 (16315 - 12360) 11802 (13614 - 9968) 262945 (296294 - 229552) 174636 (201278 - 149923) 
France 89284 (104721 - 75765) 91674 (107430 - 77352) 1469873 (1696666 - 1257482) 1321093 (1534532 - 1120839) 
Germany 242434 (279132 - 205186) 188447 (221382 - 158099) 3974235 (4538351 - 3410268) 2689041 (3118965 - 2281151) 
Greece 21730 (26029 - 17893) 26507 (31817 - 21731) 372890 (440261 - 310994) 372774 (436935 - 310922) 
Hungary 47763 (53287 - 42025) 38558 (43565 - 33484) 948832 (1047000 - 844281) 636369 (718886 - 560152) 
Iceland 420 (482 - 357) 370 (428 - 309) 6964 (7897 - 6017) 5569 (6402 - 4763) 
Ireland 6935 (7988 - 5932) 5617 (6467 - 4785) 127000 (144100 - 110646) 93152 (105663 - 80758) 
Israel 6308 (7405 - 5236) 6840 (8180 - 5636) 115811 (135020 - 97231) 111408 (132465 - 92439) 
Italy 130297 (152287 - 109914) 138163 (164100 - 115904) 2218729 (2556022 - 1905289) 1834218 (2142658 - 1566789) 
Japan 194896 (227504 - 164067) 258690 (304044 - 216105) 3772149 (4361740 - 3221230) 3803621 (4441895 - 3217297) 
Luxembourg 939 (1082 - 807) 671 (775 - 569) 16726 (19079 - 14535) 10951 (12660 - 9421) 
Mexico 44947 (52141 - 38416) 101773 (118945 - 86149) 1187817 (1385442 - 763155) 2397321 (2822294 - 2028534) 
Netherlands 27580 (31914 - 23237) 20959 (24725 - 17496) 503942 (574584 - 429460) 363364 (430270 - 305460) 
New Zealand 6010 (6932 - 5069) 5814 (6785 - 4896) 113499 (129626 - 97527) 94481 (109929 - 81123) 
Norway 11337 (12977 - 9672) 6962 (8061 - 5908) 185466 (210316 - 160024) 102916 (118329 - 88409) 
Poland 136747 (152965 - 120008) 110725 (125159 - 96714) 2694422 (2998043 - 2387526) 1903649 (2143910 - 1668476) 
Portugal 25125 (29683 - 20926) 19038 (22556 - 15883) 448695 (523227 - 380919) 302904 (356912 - 256231) 
Singapore 3815 (4287 - 3340) 5011 (5795 - 4278) 88746 (98683 - 78980) 89718 (102528 - 77425) 
Slovakia 20118 (22422 - 17803) 16339 (18382 - 14319) 384572 (426406 - 342595) 278879 (313643 - 244927) 
Slovenia 4439 (5196 - 3737) 4062 (4778 - 3391) 85491 (98285 - 72864) 63492 (74676 - 52994) 
South Korea 64202 (73991 - 55210) 61862 (72646 - 51999) 1574715 (1782369 - 1368878) 1218839 (1424169 - 1026955) 
Spain 69596 (81577 - 58610) 66401 (78743 - 55522) 1226314 (1421834 - 1042330) 998825 (1169190 - 846922) 
Sweden 26790 (30804 - 22810) 20085 (23431 - 16920) 402881 (459892 - 345271) 266616 (309861 - 225894) 
Switzerland 13176 (15265 - 11122) 11261 (13249 - 9504) 206555 (237359 - 176738) 153575 (179147 - 130089) 








Country Deaths (95% UI) DALYs (95% UI) 
1990 2015 1990 2015 
United Kingdom 169077 (191222 - 146368) 101625 (116991 - 87221) 2925047 (3284132 - 2556333) 1568322 (1788351 - 1362644) 
United States 521103 (592684 - 448242) 507755 (581533 - 434304) 9776120 (11020363 - 8511246) 9931490 (11431166 - 8608251) 
Global 8220644 (9258165 - 7222868) 12058089 (13538388 - 10614994) 187258334 (209347869 - 166710512) 40197567 (45357115 - 35376425) 
High-income 1865656 (2139046 - 1599286) 1776751 (2063023 - 1510466) 33891969 (38531314 - 29454213) 264411365 (294989032 - 236098327) 
OECD Countries 2192608 (2505419 - 1884719) 2087552 (2418690 - 1780837) 40821481 (46221296 - 35616927) 29181343 (33630906 - 25105252) 
Europe 2384519 (2696754 - 2073347) 2368072 (2697208 - 2053245) 44534503 (49827529 - 39168583) 35509668 (40948435 - 30582547) 




Supplementary Table 5.1 Food groups used in the factor analysis and factor loadings 
for each of the identified dietary patterns among adults 50 years and above, South 
Australia 
Food group Foods items 
Beer Heavy beer, light beer, regular beer 
Cabbages Brussels, sprout, cauliflower, broccoli, coleslaw 
Citrus fruit oranges 
Coffee Coffee 
Eggs eggs 
Fish Steamed fish, tinned fish 
Flavoured milk Flavoured milk 
Fruity vegetables Avocado, fresh tomatoes, tomato products, cucumber, green beans, zucchini, 
squash, mushrooms, pumpkin, cantaloupe, capsicum, eggplant 
High fat dairy Full cream milk 








Juice Orange juice, other fruit juice 
Leafy vegetables Iceberg lettuce, other lettuce, Asian greens, other cooked leafy vegetables 
Legumes Baked beans, dried beans, dried peas, chick dried beans, dried peas, chickpeas 
Medium fat dairy Reduced fat milk, soy milk, skim milk, other milk, yoghurt, ricotta, cottage all 
other cheeses, cream, sour cream 
Nuts Other nuts 
Other cereals Weet-bix, other weet-bix, regular cornflakes,  Muesli, non-toasted commercial 
Muesli, non-toasted  Homemade, muesli toasted, just right, sweet corn, other 
breakfast cereal 
  
Other fruits Tinned fruit salad, tinned peaches, apples, bananas, pineapple, strawberries, 
apricots, pears, peaches or nectarines, mango or pawpaw, berries, cherries, dried 
or tinned apricots, figs, grapes, other dried fruit plums, watermelon 
Pasta and rice Rice pasta, noodles, rice bubbles 
Peanut butter Peanuts, peanut butter 
Potato with fat Potato fat 
Potato without 
fat 
Potato no fat 
Poultry Chicken 
Processed meat Bacon, sausages, processed meat 
Red meat Beef or veal, pork lamb 
Root vegetables Beetroot, carrots 
Saturated spread Other margarine butter 
Snacks Cakes or sweet, pastries, chocolate, sweet biscuits, corn chips, etc ice cream, 
crackers not wholemeal, whole meal crackers, other confectionery 
Soft drinks Soft drink, spirits premix, sports plus, diet soft drink 
Spirits spirits 
Stalk vegetables Celery, onion or leeks, garlic, asparagus 
Sugar sugar 
Take away foods Pizza, fried fish, pastries with cheese,  pastries with meat 
Tea and water Tea, water, herbal tea 
Tomato sauce Tomato sauce or ketchup, canned tomatoes 
Unsaturated 
spread 
Olive margarine, margarine on vegetables, mayonnaise, miracles spread, canola 
margarine, cholesterol lowering margarine, nut telex, poly margarine, soy 
margarine 
White bread White bread 







Supplementary Table 6.1 Sociodemographic, lifestyle, behavioural and chronic diseases related characteristics of study participants aged 50 
years and over across tertiles of the nutrient patterns, the North West Adelaide Health Study (n = 1135) 
    Mixed-source Animal-sourced Plant-sourced 
Factor Total T1 T2 T3 
P 
value T1 T2 T3 
P 
value T1 T2 T3 P value 
 1135 379 378 378  379 378 378  379 378 378  




















Marital status¥              
Married/partnered 746 (65.7%) 243 (64.1%) 243 (64.3%) 260 (68.8%) 0.380 238 (62.8%) 264 (69.8%) 244 (64.6%) 0.110 231 (60.9%) 257 (68.0%) 258 (68.3%) 0.046 
Single/separated/widowed/divor
ced 381 (33.6%) 131 (34.6%) 133 (35.2%) 117 (31.0%)  139 (36.7%) 112 (29.6%) 130 (34.4%)  146 (38.5%) 119 (31.5%) 116 (30.7%)  
Missing 8 (0.7%) 5 (1.3%) 2 (0.5%) 1 (0.3%)  2 (0.5%) 2 (0.5%) 4 (1.1%)  2 (0.5%) 2 (0.5%) 4 (1.1%)  
Annual household gross income¥              
Up to $20,000 335 (29.5%) 127 (33.5%) 105 (27.8%) 103 (27.2%) 0.400 124 (32.7%) 112 (29.6%) 99 (26.2%) 0.320 120 (31.7%) 115 (30.4%) 100 (26.5%) 0.240 
$20,001-$40,000 348 (30.7%) 109 (28.8%) 119 (31.5%) 120 (31.7%)  108 (28.5%) 115 (30.4%) 125 (33.1%)  123 (32.5%) 118 (31.2%) 107 (28.3%)  
$40,001-$60,000 195 (17.2%) 61 (16.1%) 63 (16.7%) 71 (18.8%)  69 (18.2%) 65 (17.2%) 61 (16.1%)  59 (15.6%) 61 (16.1%) 75 (19.8%)  
More than $60,000 199 (17.5%) 58 (15.3%) 72 (19.0%) 69 (18.3%)  56 (14.8%) 70 (18.5%) 73 (19.3%)  56 (14.8%) 69 (18.3%) 74 (19.6%)  
Missing 58 (5.1%) 24 (6.3%) 19 (5.0%) 15 (4.0%)  22 (5.8%) 16 (4.2%) 20 (5.3%)  21 (5.5%) 15 (4.0%) 22 (5.8%)  
Job related physical activity level ¥              
Low 558 (49.2%) 173 (45.6%) 191 (50.5%) 194 (51.3%) 0.190 180 (47.5%) 181 (47.9%) 197 (52.1%) 0.810 160 (42.2%) 198 (52.4%) 200 (52.9%) <0.001 
Moderate to high 452 (39.8%) 164 (43.3%) 138 (36.5%) 150 (39.7%)  148 (39.1%) 153 (40.5%) 151 (39.9%)  184 (48.5%) 133 (35.2%) 135 (35.7%)  
Missing 125 (11.0%) 42 (11.1%) 49 (13.0%) 34 (9.0%)  51 (13.5%) 44 (11.6%) 30 (7.9%)  35 (9.2%) 47 (12.4%) 43 (11.4%)  
Leisure time physical activity level ¥              
Low 643 (56.7%) 232 (61.2%) 211 (55.8%) 200 (52.9%) 0.034 207 (54.6%) 230 (60.8%) 206 (54.5%) 0.610 213 (56.2%) 230 (60.8%) 200 (52.9%) 0.050 
Moderate to high 370 (32.6%) 105 (27.7%) 129 (34.1%) 136 (36.0%)  120 (31.7%) 122 (32.3%) 128 (33.9%)  121 (31.9%) 109 (28.8%) 140 (37.0%)  
Missing 122 (10.7%) 42 (11.1%) 38 (10.1%) 42 (11.1%)  52 (13.7%) 26 (6.9%) 44 (11.6%)  45 (11.9%) 39 (10.3%) 38 (10.1%)  
Health literacy¥              
Limited 384 (33.8%) 155 (40.9%) 118 (31.2%) 111 (29.4%) 0.002 134 (35.4%) 119 (31.5%) 131 (34.7%) 0.380 161 (42.5%) 111 (29.4%) 112 (29.6%) <0.001 
Adequate 690 (60.8%) 205 (54.1%) 245 (64.8%) 240 (63.5%)  222 (58.6%) 242 (64.0%) 226 (59.8%)  200 (52.8%) 245 (64.8%) 245 (64.8%)  
Missing 61 (5.4%) 19 (5.0%) 15 (4.0%) 27 (7.1%)  23 (6.1%) 17 (4.5%) 21 (5.6%)  18 (4.7%) 22 (5.8%) 21 (5.6%)  
Alcohol risk¥              
Non-drinker/low 1039 (91.5%) 340 (89.7%) 349 (92.3%) 350 (92.6%) 0.160 348 (91.8%) 349 (92.3%) 342 (90.5%) 0.150 352 (92.9%) 337 (89.2%) 350 (92.6%) 0.300 
Moderate to high 60 (5.3%) 26 (6.9%) 14 (3.7%) 20 (5.3%)  16 (4.2%) 17 (4.5%) 27 (7.1%)  19 (5.0%) 25 (6.6%) 16 (4.2%)  
Missing 36 (3.2%) 13 (3.4%) 15 (4.0%) 8 (2.1%)  15 (4.0%) 12 (3.2%) 9 (2.4%)  8 (2.1%) 16 (4.2%) 12 (3.2%)  
Smoking¥              
Non-smoker 566 (49.9%) 176 (46.4%) 196 (51.9%) 194 (51.3%) 0.290 198 (52.2%) 179 (47.4%) 189 (50.0%) 0.410 175 (46.2%) 199 (52.6%) 192 (50.8%) 0.180 
Ex-smoker/current smoker 564 (49.7%) 200 (52.8%) 180 (47.6%) 184 (48.7%)  181 (47.8%) 198 (52.4%) 185 (48.9%)  203 (53.6%) 178 (47.1%) 183 (48.4%)  
Missing 5 (0.4%) 3 (0.8%) 2 (0.5%) 0 (0.0%)  0 (0.0%) 1 (0.3%) 4 (1.1%)  1 (0.3%) 1 (0.3%) 3 (0.8%)  






















Family history of osteoporosis¥              
Yes 916 (80.7%) 55 (14.5%) 83 (22.0%) 77 (20.4%)  68 (17.9%) 70 (18.5%) 77 (20.4%)  58 (15.3%) 80 (21.2%) 77 (20.4%) 0.076 
No 215 (18.9%) 322 (85.0%) 293 (77.5%) 301 (79.6%) 0.023 311 (82.1%) 307 (81.2%) 298 (78.8%) 0.640 321 (84.7%) 297 (78.6%) 298 (78.8%)  
Missing 4 (0.4%) 2 (0.5%) 2 (0.5%) 0 (0.0%)  0 (0.0%) 1 (0.3%) 3 (0.8%)  0 (0.0%) 1 (0.3%) 3 (0.8%)  
Had diabetes¥              
Yes 68 (6.0%) 18 (4.7%) 22 (5.8%) 28 (7.4%)  23 (6.1%) 14 (3.7%) 31 (8.2%)  19 (5.0%) 21 (5.6%) 28 (7.4%) 0.350 
No 1066 (93.9%) 361 (95.3%) 356 (94.2%) 349 (92.3%) 0.30 356 (93.9%) 364 (96.3%) 346 (91.5%) 0.033 360 (95.0%) 356 (94.2%) 350 (92.6%)  
Missing 1 (0.1%) 0 (0.0%) 0 (0.0%) 1 (0.3%)  0 (0.0%) 0 (0.0%) 1 (0.3%)  0 (0.0%) 1 (0.3%) 0 (0.0%)  
Body mass index (kg/m2), mean (SD) # 28.2 (4.8) 28.6 (4.8) 28.2 (5.0) 27.7 (4.5) 0.039 28.0 (4.7) 28.4 (5.0) 28.1 (4.5) 0.500 28.3 (4.6) 28.1 (4.8) 28.1 (4.8) 0.860 








* – Wilcoxon rank-sum test; ¥ – chi-square; # – ANOVA; BMD – bone mineral density; IQR – interquartile range; T1 – tertile 1 (lowest adherence); T2 – tertile 2; T3 – tertile 
3 (highest adherence) 
 
 
Took 87 (7.7%) 28 (7.4%) 28 (7.4%) 31 (8.2%)  30 (7.9%) 33 (8.7%) 24 (6.3%)  29 (7.7%) 23 (6.1%) 35 (9.3%) 0.260 
Did not take 1048 (92.3%) 351 (92.6%) 350 (92.6%) 347 (91.8%) 0.890 349 (92.1%) 345 (91.3%) 354 (93.7%) 0.460 350 (92.3%) 355 (93.9%) 343 (90.7%)  
Osteopenia¥              
Yes 162 (14.3%) 47 (12.4%) 59 (15.6%) 56 (14.8%)  55 (14.5%) 61 (16.1%) 46 (12.2%)  59 (15.6%) 54 (14.3%) 49 (13.0%) 0.580 
No 972 (85.6%) 332 (87.6%) 318 (84.1%) 322 (85.2%) 0.420 324 (85.5%) 316 (83.6%) 332 (87.8%) 0.290 319 (84.2%) 324 (85.7%) 329 (87.0%)  
Missing 1 (0.1%) 0 (0.0%) 1 (0.3%) 0 (0.0%)  0 (0.0%) 1 (0.3%) 0 (0.0%)  1 (0.3%) 0 (0.0%) 0 (0.0%)  
Osteoporosis¥              
Yes 22 (1.9%) 9 (2.4%) 5 (1.3%) 8 (2.1%)  7 (1.8%) 8 (2.1%) 7 (1.9%)  6 (1.6%) 6 (1.6%) 10 (2.6%) 0.480 
No 1112 (98.0%) 370 (97.6%) 372 (98.4%) 370 (97.9%) 0.550 372 (98.2%) 369 (97.6%) 371 (98.1%) 0.950 372 (98.2%) 372 (98.4%) 368 (97.4%)  
Missing 1 (0.1%) 0 (0.0%) 1 (0.3%) 0 (0.0%)  0 (0.0%) 1 (0.3%) 0 (0.0%)  1 (0.3%) 0 (0.0%) 0 (0.0%)  
BMD (mg/cm2), mean (SD) (n = 1135) # 
1196 (119) 1195.3 (116.9) 1187.2 (116.6) 1205.1 (122.8) 0.110 1184.4 (115.9) 1192.5 (122.1) 1210.7 (117.3) 0.007 1202.8 (123.1) 1189.0 (114.8) 
1195.7 
(118.5) 0.280 







Supplementary Table 6.2 Mean (SD) of selected nutrient intake across tertiles of nutrient patterns among adults 50 years and above, the 
North West Adelaide Health Study (n = 1135) 
ANOVA was used to test the mean difference across tertiles. T1 – tertile 1 (lowest adherence); T2 – tertile 2; T3 – tertile 3 (highest adherence) 




Factor  T1 T2 T3 T1 T2 T3 P 
value 
T1 T2 T3 P value 
N  379 378 378 379 378 378 379 378 378  
Nutrients mean (SD) 
Monounsaturated fat (g/d)  37.5 (14.0) 34.0 (14.2) 36.1 (12.7) 42.4 (13.6) <0.001 28.4 (9.3) 35.6 (8.7) 
48.5 
(14.7) <0.001 34.0 (11.8) 
37.2 
(12.9) 41.3 (16.0) <0.001 
Starch & dextrins (g/d) 98.6 (46.6) 70.9 (23.5) 92.8 (26.1) 
132.3 
(58.0) <0.001 95.7 (62.1) 93.6 (36.4) 
106.7 







 74 (26) 101 (30) 130 (37) <0.001 97 (42) 99 (34) 110 (39) <0.001 91 (34) 99 (36) 115 (43) <0.001 
Riboflavin, B2 (mg/d) 2.44 (1.18) 1.55 (0.57) 2.30 (0.75) 3.46 (1.22) <0.001 2.13 (1.14) 2.34 (1.01) 
2.84 
(1.27) <0.001 2.30 (1.08) 
2.40 
(1.18) 2.60 (1.27) 0.002 
Pyridoxine, B6 (mg/d) 1.33 (1.64) 1.20 (1.83) 1.21 (1.03) 1.57 (1.90) 0.002 1.06 (1.34) 1.35 (2.13) 
1.58 
(1.27) <0.001 0.99 (0.81) 
1.28 
(1.79) 1.72 (1.99) <0.001 
Thiamin1 3.06 (2.12) 1.88 (0.97) 2.87 (1.40) 4.44 (2.70) <0.001 2.83 (2.13) 2.87 (1.74) 
3.49 
(2.38) <0.001 2.78 (1.89) 
3.10 
(2.16) 3.31 (2.26) 0.002 
Vitamin E (mg/d) 11.5 (4.5) 10.5 (4.6) 11.0 (4.0) 13.0 (4.4) <0.001 9.2 (3.5) 11.1 (3.3) 14.3 (5.0) <0.001 9.4 (3.5) 11.3 (3.8) 13.9 (4.9) <0.001 
Zinc (mg/d) 10.5 (4.5) 8.5 (3.8) 10.1 (4.2) 13.0 (4.2) <0.001 8.1 (3.2) 10.0 (2.8) 13.4 (5.3) <0.001 9.1 (3.6) 10.5 (3.9) 12.0 (5.3) <0.001 
Iron (mg/d) 12.9 (4.8) 10.0 (3.6) 12.3 (3.6) 16.4 (4.6) <0.001 11.5 (4.9) 12.3 (3.7) 14.9 (4.9) <0.001 10.7 (3.8) 12.6 (4.1) 15.3 (5.1) <0.001 
Folate 537 (266) 366 (143) 501 (178) 744 (295) <0.001 517 (280) 516 (236) 577 (276) 0.002 474 (231) 530 (264) 606 (285) <0.001 
Retinol (mcg/d) 333 (147) 254 (112) 325 (122) 421 (153) <0.001 245 (102) 323 (118) 432 (153) <0.001 369 (155) 322 (144) 308 (135) <0.001 
Niacin, B3 83.5 (33.9) 62.2 (21.6) 78.7 (23.4) 
109.7 
(35.5) <0.001 73.5 (36.1) 79.2 (24.4) 
97.9 
(34.9) <0.001 73.8 (24.9) 
82.9 
(33.3) 93.8 (39.0) <0.001 
Sodium (mg/d) 2354 (905) 1854 (731) 2268 (722) 2943 (893) <0.001 1896 (719) 2229 (632) 
2939 





Iodine (mcg/d) 121 (49) 86 (32) 118 (37) 158 (47) <0.001 100 (41) 119 (43) 143 (53) <0.001 129 (53) 116 (48) 117 (45) <0.001 
Lycopene(mcg/d) 
8996 

















Palmitoleic acid (g/d) 1.31 (0.56) 1.18 (0.58) 1.28 (0.52) 1.46 (0.53) <0.001 0.90 (0.28) 1.24 (0.25) 
1.79 
(0.62) <0.001 1.19 (0.44) 
1.29 
(0.48) 1.45 (0.68) <0.001 
Lutein and zeaxanthin, 
(mcg/d) 
1634 




















Supplementary Table 6.3 Regression coefficients (β) [95% confidence interval (CI)] 
for the association between z scores of nutrient patterns and bone mineral density 
by timing of dietary assessment after DXA measurement among study participants 
aged 50 years and over, the North West Adelaide Health Study (Early [before the 
median time of the gap] vs. late [after the median time of the gap] dietary 
assessment) 
** P < 0.01 
Results were adjusted for sex and age ,socio-economic and life style factors (smoking, alcohol intake 
(no/low risk, medium/very high risk), marital status, income, health literacy (limited, adequate), leisure 
time and job related physical activity levels (low, moderate/high), chronic conditions (diabetes mellitus, 
family history of osteoporosis and body mass index (continuous)), energy intake (continuous). DXA – dual-







 Complete-case analysis (n = 794) 
β (95% CI) 
Nutrient pattern Early (n = 398)  Late (n = 396) 
Mixed-source 19.42 (6.36, 32.48)** 0.23 (-12.18, 12.63) 
Animal-sourced -10.87 (-22.97, 1.23) 3.15 (-7.33, 13.62) 




Supplementary Table 7.1 Spearman rank correlation coefficients for cumulative factor score 
means of dietary and nutrient patterns among adults 18 years and above, the China Health and 







P value Modern 
dietary 
pattern 





Coefficients Coefficients Coefficients 
Traditional 
dietary pattern 
      
Modern 
dietary pattern 

















Supplementary Table 7.2 Median follow-up time and crude incidence of fractures by age and 
sex categories among adults 18 years and above, the China Health and Nutrition Survey (1991-2011)* 











N 5,656 3,371 7627 5,789 3371 7945 
Median follow-up time (years) 9.0 13.7 10.7 7.1 13.9 9.1 
Number of fractures 204 107 311 144 194 338 
Person-years at risk 53542.7 27534.0 81076.7 51008.7 30330.9 81339.6 
Rate of fracture per 1000  













*The analysis did not exclude those cases that had missing values of other covariates (sex, age, energy 
intake, educational status, income, alcohol consumption, smoking, residency and physical activity level, 













Supplementary Table 7.3 Hazard ratios (HRs) [95% confidence interval (CI)] for tertiles of dietary and nutrient patterns and fracture 














* P < 0.05; ** P < 0.01; T1 – tertile 1 (lowest adherence); T2 – tertile 2; T3 – tertile 3 (highest adherence) 
@ The model was adjusted for sex, age (continuous), energy intake (continuous), educational status (low, medium and high), income (low, medium and high), alcohol 
consumption (none, <1, 1-2, 3-4 per week and daily), smoking (non-smoker and current/ex-smoker), residency (rural and urban) and physical activity level (metabolic equivalent 
task-hours/week, continuous), body-mass index (continuous) and high blood pressure (yes/no). P for trend was obtained by adjusting the tertiles of the pattern scores as a 
continuous variable. Exposure levels of dietary and nutrient patterns were determined based on cumulative mean. 
 
 Person-years; number of study participants (number of 
cases) 
HR (95% CI) P-trend 
 
 T1 T2 T3 
Traditional dietary pattern 
Sex      
Male 62475.2; 6893 (252) 1.00 [reference] 1.29(0.92-1.80) 1.19(0.87-1.63) 0.314 
Female 67599.9; 7,300 (288) 1.00 [reference] 0.90(0.68-1.18) 0.91(0.67-1.24) 0.521 
Age      
<50 years 83634.3; 10342 (293) 1.00 [reference] 1.14(0.85-1.54) 1.10(0.82-1.46) 0.556 
≥50 years 46440.8; 6426 (247) 1.00 [reference] 0.96(0.71-1.30) 0.94(0.68-1.31) 0.717 
Modern dietary pattern 
Sex      
Male 62475.2; 6893 (252) 1.00 [reference] 1.18(0.86-1.61) 1.63(1.16-2.30)** 0.006 
Female 67599.9; 7,300 (288) 1.00 [reference] 0.96(0.72-1.29) 1.18(0.85-1.65) 0.361 
Age      
<50 years 83634.3; 10342 (293) 1.00 [reference] 1.10(0.83-1.47) 1.28(0.93-1.77) 0.132 
≥50 years 46440.8; 6426 (247) 1.00 [reference] 1.03(0.74-1.42) 1.45(1.01-2.09)* 0.049 
Plant-sourced nutrient pattern 
Sex      
Male 62475.2; 6892 (252) 1.00 [reference] 0.77(0.54-1.10) 0.78(0.55-1.12) 0.269 
Female 67599.9; 7300 (288) 1.00 [reference] 1.11(0.82-1.50) 1.41(1.03-1.92)* 0.030 
Age      
<50 years 83634.3; 10341 (293) 1.00 [reference] 0.87(0.62-1.20) 1.02(0.74-1.42) 0.731 
≥50 years 46440.8; 6425 (247) 1.00 [reference] 0.99(0.71-1.37) 1.09(0.78-1.53) 0.610 
Animal-sourced  nutrient pattern 
Sex      
Male 62475.2; 6892 (252) 1.00 [reference] 1.63(1.15-2.32)** 1.74(1.22-2.48)** 0.003 
Female 67599.9; 7300 (288) 1.00 [reference] 1.13(0.85-1.49) 1.19(0.85-1.65) 0.280 
Age      
<50 years 83634.3; 10341 (293) 1.00 [reference] 1.48(1.10-1.99)** 1.30(0.94-1.79) 0.113 








Supplementary Table 8.1 Food and nutrient intake across tertiles of dietary patterns derived by principal component analysis 
    Principal component analysis 
N   Factor 1 Factor 2 
  Overall (n = 1182) T1 T2 T3  P value T1 T2 T3  P value 
Foods          
High fat dairy (g/d), mean (SD) 89.3 (174.5) 138.8 (207.6) 68.8 (148.7) 60.1 (149.8) <0.001 51.8 (126.7) 77.2 (150.4) 139.5 (221.2) <0.001 
Medium fat dairy (g/d), mean (SD) 262.5 (232.2) 158.0 (184.7) 272.0 (227.4) 358.4 (236.7) <0.001 264.2 (226.7) 279.2 (233.9) 243.8 (235.1) 0.10 
Soft drinks (g/d), mean (SD) 183.0 (320.8) 242.4 (381.6) 159.1 (246.3) 147.2 (312.4) <0.001 100.5 (179.0) 146.5 (190.6) 303.3 (468.8) <0.001 
Processed meat (g/d), mean (SD) 24.2 (22.5) 25.4 (22.5) 24.5 (21.3) 22.8 (23.7) 0.28 11.5 (11.2) 22.4 (16.0) 39.0 (27.6) <0.001 
High fibre cereal (g/d), mean (SD) 2.2 (7.7) 1.5 (6.2) 2.0 (6.8) 3.2 (9.7) 0.008 2.6 (8.3) 2.1 (7.7) 2.0 (7.2) 0.51 
Take away foods (g/d), mean (SD) 33.8 (31.1) 37.7 (32.5) 33.9 (32.3) 29.9 (27.7) 0.002 19.5 (16.0) 30.1 (19.1) 52.1 (41.7) <0.001 
Citrus fruit (g/d), mean (SD) 20.6 (30.0) 11.0 (18.5) 20.7 (31.5) 30.2 (34.7) <0.001 23.5 (35.1) 20.3 (27.8) 18.0 (26.2) 0.035 
Fruity vegetables (g/d), mean (SD) 115.8 (71.6) 59.3 (34.4) 112.1 (52.2) 176.6 (68.0) <0.001 113.7 (68.2) 115.4 (71.6) 118.3 (75.1) 0.66 
Other fruits (g/d), mean (SD) 222.8 (161.2) 144.0 (94.4) 206.0 (118.1) 319.6 (199.1) <0.001 217.8 (143.5) 217.4 (143.6) 233.4 (192.0) 0.29 
Root vegetables (g/d), mean (SD) 15.5 (13.3) 8.1 (7.5) 14.2 (11.2) 24.2 (14.9) <0.001 13.5 (11.6) 14.8 (12.8) 18.2 (15.0) <0.001 
Root vegetables (g/d), mean (SD) 15.5 (13.3) 8.1 (7.5) 14.2 (11.2) 24.2 (14.9) <0.001 13.5 (11.6) 14.8 (12.8) 18.2 (15.0) <0.001 
Leafy vegetables (g/d), mean (SD) 26.5 (26.4) 11.9 (12.1) 23.0 (17.9) 44.7 (32.8) <0.001 28.5 (27.8) 25.5 (26.6) 25.3 (24.5) 0.17 
High fibre bread (g/d), mean (SD) 56.9 (44.5) 43.7 (44.2) 57.6 (41.0) 69.4 (44.6) <0.001 47.1 (35.8) 58.2 (42.5) 65.3 (52.0) <0.001 
Cabbages (g/d), mean (SD) 34.7 (30.7) 18.0 (16.2) 32.8 (24.2) 53.6 (36.8) <0.001 33.4 (30.4) 33.3 (27.7) 37.5 (33.7) 0.098 
Legumes (g/d), mean (SD) 38.8 (72.3) 21.1 (27.9) 31.8 (44.9) 63.7 (109.6) <0.001 40.1 (61.1) 34.5 (53.1) 41.8 (95.8) 0.34 
Nutrients           
Protein (g/d), mean (SD) 94.5 (34.0) 78.7 (24.1) 92.5 (26.4) 112.3 (40.5) <0.001 74.8 (22.3) 92.4 (21.8) 115.1 (40.7) <0.001 
Calcium (mg/d), mean (SD) 878.6 (329.1) 703.1 (266.5) 855.1 (298.9) 1077.3 (307.7) <0.001 759.8 (312.4) 885.4 (314.0) 984.2 (322.7) <0.001 
Potassium (mg/d), mean (SD) 3919.9 (1452.4) 2928.9 (907.1) 3797.9 (1159.7) 5031.3 (1398.0) <0.001 3311.0 (1114.4) 3867.6 (1455.5) 4547.6 (1477.5) <0.001 
Vitamin D (mcg/d), mean (SD) 3.5 (2.0) 3.4 (2.0) 3.3 (1.7) 3.8 (2.2) <0.001 2.6 (1.4) 3.4 (1.7) 4.5 (2.3) <0.001 
Polyunsaturated fat (g/d), mean (SD) 16.2 (7.0) 14.9 (6.8) 15.3 (5.8) 18.6 (7.7) <0.001 13.4 (6.7) 15.7 (5.8) 19.5 (7.0) <0.001 
Saturated fat (g/d), mean (SD) 28.6 (12.0) 27.5 (13.7) 27.4 (10.1) 30.8 (11.9) <0.001 20.3 (6.5) 27.4 (6.9) 37.5 (13.9) <0.001 
Sodium (mg/d), mean (SD) 2354.3 (905.1) 2077.5 (753.5) 2296.2 (793.0) 2689.4 (1037.8) <0.001 1655.4 (467.0) 2249.3 (510.8) 3119.4 (940.5) <0.001 
Cholesterol (mg/d), mean (SD) 277.6 (118.4) 253.8 (99.4) 268.3 (97.2) 310.9 (145.4) <0.001 212.1 (75.2) 268.7 (81.7) 348.5 (141.8) <0.001 
Fat (g/d), mean (SD) 88.5 (30.3) 81.2 (27.6) 85.4 (26.2) 99.0 (33.7) <0.001 70.0 (23.7) 85.2 (21.4) 109.4 (30.6) <0.001 
Carbohydrates (g/d), mean (SD) 210.1 (93.1) 173.9 (69.0) 204.1 (90.3) 252.3 (99.8) <0.001 163.6 (66.3) 207.8 (96.4) 256.4 (88.9) <0.001 
Energy from food (kj/d), mean (SD) 8665.4 (2611.3) 7509.5 (2184.1) 8405.9 (2193.0) 10082.3 (2747.2) <0.001 6818.7 (1814.1) 8435.1 (1834.0) 10640.2 (2534.4) <0.001 









Supplementary Table 8.2 Food and nutrient intake across tertiles of dietary patterns derived by partial least-squares 
Factor Partial least-squares 
N Factor 1 Factor 2 Factor 3 Factor 4 
  T1 T2 T3  P value T1 T2 T3  P 
value 
T1 T2 T3  P 
value 
T1 T2 T3  P 
value 
Foods                 
























21.9 (62.9) <0.001 












































































33.5 (27.2) <0.001 
High fiber cereal (g/d), mean 
(SD) 
1.4 (5.7) 1.7 (7.0) 3.5 (9.8) <0.001 2.2 
(7.5) 
2.1 (8.0) 2.4 (7.7) 0.89 2.2 (7.9) 1.8 (7.0) 2.6 (8.3) 0.350 2.5 (8.0) 2.3 
(8.3) 
1.8 (6.8) 0.41 
























44.7 (40.9) <0.001 






















20.4 (31.9) 0.72 




















































Root vegetables (g/d), mean 
(SD) 




















18.9 (14.9) <0.001 
Root vegetables (g/d), mean 
(SD) 




















18.9 (14.9) <0.001 
























31.2 (29.5) <0.001 
























58.2 (45.6) 0.75 






















41.1 (36.1) <0.001 

























Nutrients                 

























































Factor Partial least-squares 
N Factor 1 Factor 2 Factor 3 Factor 4 
  T1 T2 T3  P value T1 T2 T3  P 
value 
T1 T2 T3  P 
value 
T1 T2 T3  P 
value 



























Vitamin D (mcg/d), mean 
(SD) 
4.1 (2.3) 3.2 (1.7) 3.2 (1.8) <0.001 2.8 
(1.4) 
3.2 (1.7) 4.5 (2.5) <0.001 4.7 (2.4) 3.2 (1.5) 2.6 (1.3) <0.001 4.1 (2.4) 3.0 
(1.5) 
3.3 (1.9) <0.001 
Polyunsaturated fat (g/d), 
mean (SD) 
17.2 (7.4) 15.3 (6.4) 16.2 (7.0) 0.001 17.3 
(7.3) 
15.5 (6.4) 15.9 (7.1) <0.001 18.8 
(7.4) 
15.1 (6.5) 14.8 
(6.3) 
<0.001 14.5 (6.6) 15.6 
(6.4) 
18.8 (7.3) <0.001 




















33.5 (11.7) <0.001 








































































































Energy from food incl fibre 












































31.9 (11.4) <0.001 








Supplementary Table 8.3 Food and nutrient intake across tetiles of dietary patterns derived by reduced-rank regression 
  Reduced-rank regression 
  Factor 1 Factor 2 Factor 3 Factor 4 
  T1 T2 T3  P T1 T2 T3  P T1 T2 T3  P T1 T2 T3  P 
Foods                 















































































Processed meat (g/d), mean 
(SD) 


















20.9 (17.5) 22.7 (22.4) <0.001 
High fiber cereal (g/d), mean 
(SD) 
1.6 (6.6) 2.0 (7.5) 3.0 (8.8) 0.036 2.8 (8.5) 2.1 (7.9) 1.7 (6.7) 0.12 2.2 (8.0) 1.7 (6.4) 2.7 (8.6) 0.18 1.8 (6.8) 2.3 (7.6) 2.6 (8.6) 0.35 
Take away foods (g/d), mean 
(SD) 


















33.0 (30.6) 29.8 (28.2) <0.001 


















19.7 (30.1) 26.3 (33.0) <0.001 




















































Root vegetables (g/d), mean 
(SD) 


















13.5 (10.7) 20.7 (16.3) <0.001 
Root vegetables (g/d), mean 
(SD) 


















13.5 (10.7) 20.7 (16.3) <0.001 
Leafy vegetables (g/d), mean 
(SD) 


















21.6 (18.5) 38.6 (32.8) <0.001 
High fibre bread (g/d), mean 
(SD) 


















56.5 (42.5) 52.1 (41.0) 0.007 


















30.3 (25.0) 48.4 (37.8) <0.001 


















34.0 (52.1) 53.7 
(104.2) 
<0.001 
Nutrients                 


















88.6 (26.8) 93.7 (34.4) <0.001 
































  Reduced-rank regression 
  Factor 1 Factor 2 Factor 3 Factor 4 
  T1 T2 T3  P T1 T2 T3  P T1 T2 T3  P T1 T2 T3  P 

























Vitamin D (mcg/d), mean (SD) 3.3 (1.7) 3.5 (1.9) 3.7 (2.3) 0.012 2.4 (1.1) 2.9 (1.2) 5.4 (2.3) <0.001 3.3 (2.0) 3.1 (1.5) 4.1 (2.3) <0.001 3.4 (1.9) 3.3 (1.8) 3.8 (2.2) 0.004 
Polyunsaturated fat (g/d), mean 
(SD) 


















15.6 (6.5) 15.9 (7.0) 0.001 


















27.2 (10.1) 27.3 (13.2) <0.001 




































































84.6 (26.6) 86.2 (29.8) <0.001 



























Energy from food including 

















































Supplementary Table 8.4 Pearson correlation coefficients among response variables 
Response variables  Energy from 
protein  




Energy from protein 
(%/day) 
1.00 0.28** 0.28** 0.15** 
Calcium 
density(mg/day/Kcal) 
 1.00 0.43** 0.10* 
Potassium 
density(mg/day/Kcal) 
  1.00 -0.06* 
Vitamin D 
density(ng/day/Kcal) 
   1.00 

























Supplementary Figure 4.1 Burden of disease (deaths and disability-adjusted life 
years (DALYs)) associated with specific dietary risks and proportion of contribution 























































































































Supplementary Figure 4.2 Age-standardized burden of disease (deaths and 
disability-adjusted life years (DALYs)) associated with dietary risks and relative 
contribution to the non-communicable disease burden by sex in Australia, between 
































































































































Supplementary Figure 4.3 Age-standardized burden of non-communicable diseases 
(deaths and disability-adjusted life years (DALYs)) associated with specific dietary 
risks between 1990 and 2015 in Australia 
[The sum of percentages in rows exceeds the total for all dietary risk factors combined 






























Diet high in sugar-sweetened beverages Diet high in red meat Diet low in milk
Diet suboptimal in calcium Diet low in polyunsaturated fatty acids Diet high in trans fatty acids
Diet high in processed meat Diet low in fiber Diet low in seafood omega-3 fatty acids
Diet low in whole grains Diet high in sodium Diet low in fruits
































  Death DALY 














































































































































































































































































































































































































































Australia % 4.2 4.1 3.8 3.1 2.9 2.2 1.5 1.3 0.8 0.7 0.5 0.5 0.4 0.1 2.0 1.6 1.6 1.5 1.3 0.8 0.8 0.6 0.4 0.4 0.3 0.3 0.1 0.1 
  Rank 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Austria % 3.8 4.9 4.0 5.7 4.2 3.3 1.4 2.0 0.8 0.6 1.2 0.4 0.3 0.1 2.0 1.7 2.1 2.2 2.3 1.4 1.2 0.6 0.3 0.3 0.3 0.2 0.1 0.4 
  Rank 5 2 4 1 3 6 8 7 10 11 9 12 13 14 4 5 3 2 1 6 7 8 11 10 11 13 14 9 
Belgium % 4.7 3.8 3.5 3.2 3.6 2.4 1.2 1.5 0.6 0.6 0.3 0.5 0.2 0.1 2.7 1.8 1.8 2.1 1.5 1.1 1.1 0.6 0.2 0.3 0.3 0.3 0.1 0.1 
  Rank 1 2 4 5 3 6 8 7 10 9 12 11 13 14 1 4 3 2 5 6 6 8 12 10 9 11 13 14 
Canada % 3.7 3.5 3.9 3.5 3.5 2.2 1.2 1.5 1.4 0.6 1.3 0.5 0.3 0.2 2.1 1.9 1.6 2.1 1.6 0.9 1.0 0.6 0.3 0.7 0.3 0.3 0.2 0.5 
  Rank 2 3 1 3 3 6 10 7 8 11 9 12 13 14 2 3 4 1 4 7 6 9 12 8 11 13 14 10 
Chile % 4.8 3.4 3.6 3.9 4.9 1.8 0.9 1.2 0.5 0.6 0.6 0.4 0.2 0.1 3.0 2.1 1.8 3.2 1.9 0.9 0.9 0.4 0.2 0.3 0.3 0.2 0.1 0.4 
  Rank 2 5 4 3 1 6 8 7 11 10 9 12 13 14 2 3 5 1 4 6 7 9 13 11 10 12 14 8 
Czech Republic % 6.5 7.2 7.0 8.2 8.4 4.4 2.1 2.6 1.5 0.7 2.9 0.6 0.3 0.1 3.8 3.6 3.6 4.8 4.3 2.1 1.8 1.0 0.3 0.9 0.4 0.4 0.1 1.2 
  Rank 5 3 4 2 1 6 9 8 10 11 7 12 13 14 3 4 5 1 2 6 7 9 13 10 11 12 14 8 
Denmark % 4.3 3.8 3.4 2.8 3.6 2.2 1.1 1.6 0.4 0.5 0.7 0.5 0.3 0.1 2.4 1.6 1.7 2.1 1.3 0.9 1.1 0.5 0.3 0.2 0.2 0.3 0.1 0.2 
  Rank 1 2 4 5 3 6 8 7 12 11 9 10 13 14 1 4 3 2 5 7 6 8 9 13 11 10 14 12 
Estonia % 6.5 6.9 6.9 10.6 9.3 4.6 1.2 2.3 0.9 0.3 2.1 0.3 0.1 0.0 3.8 3.3 3.4 5.2 5.2 2.1 1.5 0.5 0.2 0.5 0.2 0.2 0.0 0.8 
  Rank 5 3 4 1 2 6 9 7 10 11 8 12 13 14 3 5 4 1 2 6 7 9 11 9 11 11 14 8 
Finland % 4.5 5.5 5.5 5.3 4.2 3.2 1.2 2.0 0.6 0.2 1.5 0.3 0.1 0.1 2.4 2.6 2.5 2.3 2.4 1.4 1.3 0.5 0.2 0.3 0.1 0.1 0.1 0.5 
  Rank 4 1 2 3 5 6 9 7 10 12 8 11 13 14 3 1 2 5 3 6 7 9 11 10 13 12 14 8 
France % 3.9 3.1 3.1 2.9 3.2 2.0 1.4 1.3 0.3 0.7 0.3 0.7 0.3 0.0 2.2 1.5 1.4 1.8 1.3 0.9 0.8 0.6 0.2 0.2 0.3 0.3 0.0 0.1 
  Rank 1 3 4 5 2 6 7 8 12 9 11 9 13 14 1 3 4 2 5 6 7 8 11 12 10 9 14 13 
Germany % 4.5 4.8 4.2 4.1 2.3 3.3 1.3 2.0 0.7 0.5 0.8 0.5 0.3 0.1 2.5 1.9 2.2 1.3 1.8 1.4 1.3 0.6 0.2 0.3 0.3 0.3 0.1 0.2 
  Rank 2 1 3 4 6 5 8 7 10 11 9 12 13 14 1 3 2 7 4 5 6 8 13 9 10 11 14 12 
Greece % 4.0 3.3 4.4 5.2 5.5 4.0 1.3 1.6 0.7 0.4 1.2 0.4 0.2 0.1 2.3 2.4 1.7 3.3 2.4 2.1 1.1 0.7 0.2 0.4 0.2 0.2 0.1 0.5 
  Rank 5 6 3 2 1 4 8 7 10 11 9 12 13 14 4 3 6 1 2 5 7 8 13 10 11 11 14 9 
Hungary % 6.5 6.2 6.7 8.9 9.3 4.2 1.6 2.2 1.1 0.8 1.4 0.6 0.2 0.1 4.3 3.8 3.5 6.0 4.9 2.2 1.7 0.9 0.3 0.7 0.5 0.4 0.1 0.5 
  Rank 4 5 3 2 1 6 8 7 10 11 9 12 13 14 3 4 5 1 2 6 7 8 13 9 11 12 14 10 
Iceland % 4.4 5.6 5.4 3.5 3.2 2.6 1.9 1.8 1.2 0.3 0.1 0.3 0.2 0.1 2.1 2.3 2.3 1.6 1.4 1.0 1.0 0.8 0.2 0.5 0.1 0.2 0.1 0.0 
  Rank 3 1 2 4 5 6 7 8 9 11 14 10 12 13 3 1 2 4 5 7 6 8 10 9 12 11 13 14 
Ireland % 4.7 4.9 5.1 3.6 4.2 3.1 1.5 1.9 0.4 0.6 1.2 0.5 0.2 0.1 2.4 2.4 2.1 2.2 1.5 1.3 1.1 0.6 0.2 0.2 0.3 0.3 0.1 0.4 
  Rank 3 2 1 5 4 6 8 7 12 10 9 11 13 14 1 2 4 3 5 6 7 8 12 13 10 11 14 9 
Israel % 3.1 2.3 2.7 3.8 4.6 1.7 0.7 1.2 0.3 0.6 0.7 0.6 0.1 0.1 1.8 1.3 1.0 2.7 1.6 0.7 0.8 0.3 0.1 0.1 0.3 0.3 0.1 0.2 
  Rank 3 5 4 2 1 6 8 7 12 10 9 11 14 13 2 4 5 1 3 7 6 8 14 12 8 10 12 11 
Italy % 3.4 3.2 3.6 5.7 6.0 2.5 1.1 1.6 0.3 0.6 0.7 0.5 0.3 0.0 1.9 1.7 1.4 3.2 2.4 1.1 1.1 0.5 0.3 0.1 0.3 0.3 0.0 0.2 
  Rank 4 5 3 2 1 6 8 7 12 10 9 11 12 14 3 4 5 1 2 6 7 8 11 13 9 10 14 12 
Japan % 5.5 3.0 2.9 7.6 5.6 1.9 1.5 0.8 0.3 1.0 0.4 0.8 0.1 0.1 3.1 1.6 1.5 3.4 3.5 0.8 0.6 0.7 0.1 0.2 0.5 0.4 0.1 0.2 
  Rank 3 4 5 1 2 6 7 10 12 8 11 9 13 14 3 4 5 2 1 6 8 7 13 12 9 10 14 11 
Luxembourg % 2.9 4.0 3.6 3.9 3.6 2.3 2.7 1.5 0.5 1.2 1.0 0.5 0.3 0.1 1.5 1.7 1.7 2.0 1.6 0.9 1.0 1.1 0.3 0.2 0.5 0.2 0.1 0.3 
  Rank 5 1 3 2 4 7 6 8 12 9 10 11 13 14 5 2 3 1 4 8 7 6 10 13 9 12 14 11 
Mexico % 4.0 3.9 5.3 2.5 1.8 2.5 0.3 0.9 1.9 0.3 1.0 0.2 0.3 0.7 2.9 3.5 2.1 1.4 1.3 1.3 0.8 0.2 0.4 1.2 0.2 0.1 0.7 0.6 
  Rank 2 3 1 5 7 4 11 9 6 13 8 14 11 10 2 1 3 4 5 6 8 13 11 7 12 14 9 10 








  Rank 1 2 4 3 5 6 8 7 9 12 10 11 13 14 1 4 3 2 5 7 6 9 10 8 12 11 14 13 
New Zealand % 4.0 3.9 4.6 2.9 1.5 2.7 1.5 1.7 0.8 1.0 0.4 0.8 0.4 0.0 2.1 2.2 1.7 0.9 1.2 1.1 1.2 0.7 0.4 0.4 0.5 0.4 0.0 0.1 
  Rank 2 3 1 4 8 5 7 6 10 9 12 11 12 14 2 1 3 7 4 6 5 8 12 10 9 11 14 13 
Norway % 3.8 4.4 3.9 2.4 3.5 2.6 1.3 1.8 0.3 0.6 0.5 0.6 0.2 0.1 2.0 1.8 1.8 1.9 1.0 1.0 1.2 0.5 0.2 0.1 0.3 0.3 0.1 0.1 
  Rank 3 1 2 6 4 5 8 7 12 9 11 10 13 14 1 4 3 2 7 6 5 8 11 12 9 9 14 12 
Poland % 5.7 5.2 6.6 8.7 8.0 4.3 1.0 2.5 1.1 0.7 2.0 0.5 0.2 0.0 3.6 3.6 2.8 4.9 4.8 2.1 1.8 0.5 0.3 0.7 0.4 0.3 0.0 0.9 
  Rank 4 5 3 1 2 6 10 7 9 11 8 12 13 14 3 3 5 1 2 6 7 10 13 9 11 12 14 8 
Portugal % 4.5 3.2 3.0 5.7 4.1 1.9 0.9 1.5 0.3 0.8 0.9 0.6 0.3 0.0 2.6 1.6 1.5 2.4 2.6 0.8 1.1 0.4 0.3 0.2 0.4 0.3 0.0 0.3 
  Rank 2 4 5 1 3 6 8 7 12 10 9 11 13 14 2 4 5 3 1 7 6 8 12 13 9 10 14 11 
Singapore % 4.7 5.0 4.7 9.6 6.5 3.2 1.3 1.4 0.8 1.2 2.1 0.9 0.0 0.0 2.7 2.5 2.6 3.9 4.6 1.6 0.9 0.6 0.0 0.5 0.6 0.5 0.0 0.9 
  Rank 5 3 4 1 2 6 9 8 12 10 7 11 13 13 3 5 4 2 1 6 7 9 13 12 10 11 13 7 
Slovakia % 6.3 7.3 7.5 9.1 9.0 5.1 2.2 2.8 1.6 0.8 2.8 0.7 0.2 0.2 3.8 3.8 3.7 5.3 4.9 2.5 1.9 1.1 0.2 1.0 0.5 0.4 0.3 1.2 
  Rank 5 4 3 1 2 6 9 8 10 11 7 12 14 13 4 3 5 1 2 6 7 9 14 10 11 12 13 8.0 
Slovenia % 3.3 4.5 3.8 6.3 5.7 2.7 1.0 1.9 0.6 0.6 1.1 0.6 0.3 0.1 1.9 1.9 2.1 3.2 2.9 1.1 1.3 0.4 0.3 0.4 0.3 0.3 0.1 0.4 
  Rank 5 3 4 1 2 6 9 7 10 11 8 12 13 14 5 4 3 1 2 7 6 8 11 10 13 12 14 9 
South Korea % 5.6 1.9 2.7 8.4 5.9 1.5 1.0 0.8 0.3 0.8 0.3 0.6 0.2 0.0 3.4 1.6 1.0 3.9 4.1 0.6 0.7 0.5 0.2 0.2 0.4 0.4 0.0 0.2 
  Rank 3 5 4 1 2 6 7 8 12 9 11 10 13 14 3 4 5 2 1 7 6 8 11 13 9 10 14 12.0 
Spain % 3.6 2.7 2.6 4.0 3.3 2.0 1.0 1.6 0.3 0.8 0.8 0.6 0.3 0.1 2.1 1.3 1.3 2.0 1.9 0.9 1.1 0.5 0.3 0.2 0.4 0.3 0.1 0.3 
  Rank 2 4 5 1 3 6 8 7 13 9 9 11 12 14 1 4 5 2 3 7 6 8 11 13 9 10 14 12 
Sweden % 3.8 5.3 4.7 6.1 5.0 3.1 1.5 1.0 0.0 0.4 1.0 0.4 0.2 0.1 2.0 2.1 2.2 2.7 2.5 1.2 0.6 0.6 0.3 0.0 0.2 0.2 0.1 0.3 
  Rank 5 2 4 1 3 6 7 8 14 10 9 11 12 13 5 4 3 1 2 6 7 8 10 14 11 11 13 9 
Switzerland % 3.8 4.0 2.9 3.2 3.5 2.7 1.6 1.5 0.7 0.5 0.9 0.4 0.2 0.0 1.8 1.1 1.6 1.7 1.3 1.0 0.8 0.6 0.2 0.3 0.2 0.2 0.0 0.2 
  Rank 2 1 5 4 3 6 7 8 10 11 9 12 13 14 1 5 3 2 4 6 7 8 12 9 11 12 14 10 
Turkey % 5.1 2.6 4.2 7.3 6.4 3.7 0.5 0.9 0.6 0.4 1.5 0.3 0.0 0.2 3.2 2.4 1.4 4.3 3.4 1.8 0.7 0.3 0.0 0.4 0.2 0.2 0.2 1.0 
  Rank 3 6 4 1 2 5 10 8 9 11 7 12 14 13 3 4 6 1 2 5 8 10 14 9 11 13 12 7 
United Kingdom % 4.3 3.9 3.8 3.2 4.1 2.4 1.0 1.3 0.9 0.5 0.9 0.5 0.2 0.1 2.4 2.0 2.0 2.4 1.6 1.2 0.8 0.5 0.1 0.5 0.3 0.2 0.1 0.3 
  Rank 1 3 4 5 2 6 8 7 9 11 10 12 13 14 1 3 4 2 5 6 7 8 13 8 11 12 14 10 
United States % 4.5 4.1 4.4 3.6 4.2 2.4 1.6 1.8 1.6 0.5 0.4 0.4 0.3 0.4 2.8 2.5 2.1 2.8 1.8 1.2 1.5 0.8 0.4 0.9 0.2 0.2 0.4 0.1 
  % 1 4 2 5 3 6 9 7 8 10 11 12 14 13 2 3 4 1 5 7 6 9 11 8 12 13 10 14 
OECD Countries % 4.5 3.8 4 4.78 4.4 2.6 1.3 1.5 0.9 0.6 0.8 0.5 0.2 0.2 2.7 1.9 2.2 2.2 2.7 1.2 0.6 1.13 0.6 0.3 0.3 0.3 0.3 0.2 
  Rank 2 5 4 1 3 6 8 7 9 11 10 12 13 14 2 5 4 3 1 6 8 7 9 11 10 12 12 14 
Global % 7.2 4.9 5.3 10.4 7.7 3.7 1.0 1.4 1.1 0.4 1.0 0.3 0.1 0.1 5 3.1 3.4 5.9 5.5 2.2 0.6 1.0 0.8 0.2 0.6 0.2 0.1 0.1 
  Rank 3 5 4 1 2 6 10 7 8 11 9 12 13 14 3 5 4 1 2 6 9 7 8 11 9 12 13 14 
High-income % 4.5 3.8 3.8 4.52 4.3 2.4 1.36 1.54 0.85 0.6 0.61 0.52 0.25 0.17 2.6 1.8 2 2.1 2.6 1.1 0.7 1.1 0.5 0.3 0.2 0.3 0.3 0.2 
  Rank 2 5 4 1 3 6 8 7 9 11 10 12 13 14 2 5 4 3 1 7 8 6 9 10 13 11 11 14 
Europe % 6.4 5.8 5.9 6.5 7.8 4.1 1.3 2.2 0.8 0.5 1.9 0.4 0.2 0.1 4 3.2 3.3 3.5 4.9 2.2 0.7 1.5 0.5 0.3 1.0 0.2 0.2 0.1 
  Rank 3 5 4 2 1 6 9 7 10 11 8 12 13 14 2 5 4 3 1 6 9 7 10 11 8 12 13 14 
Supplementary Figure 4.4 Age-standardized burden of non-communicable diseases (expressed as percentage of deaths and disability-
adjusted life years) associated with specific dietary risks and their rank of relative contribution in respective OECD countries in 2015 
[Gradient of the colour represents the ranking of specific dietary risks (deep red shows high ranked dietary risks contributing to a high burden of NCDs in respective countries). 
The sum of percentages in rows exceeds the total for all dietary risk factors combined because of an overlap between various risk factors. 0% represents very low proportion. 










Supplementary Figure 4.5 Age-specific burden of non-communicable diseases (expressed as percentage of deaths) associated with dietary 
risks in 35 countries in 2015 





Supplementary Figure 4.6 Age-standardized burden of specific non-communicable 
disease (expressed as percentage of deaths) associated with dietary risks in 35 
countries in 2015 
[OECD – Organization for Economic Cooperation and Development] 
 
























































Supplementary Figure 6.1 Subgroup analyses of association (β) [95% confidence interval (CI)] of z scores of nutrient patterns with bone 
mineral density among adults 50 years and over, the North West Adelaide Health Study 
[Results were adjusted for sex and age ,socio-economic and lifestyle factors (smoking, alcohol intake (no/low risk, medium/very high risk), marital status, income, health literacy 
(limited, adequate), leisure time and job related physical activity levels (low, moderate/high), chronic conditions (diabetes mellitus, family history of osteoporosis and body 
mass index (continuous)), energy intake (continuous); PAL-Physical Activity level] 
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Supplementary Figure 7.1 Nelson-Aalen cumulative hazard estimates by tertiles of 
A) plant-sourced and B) animal-sourced nutrient pattern scores (cumulative 
average) for study participants aged 18 years and over and both sexes (1991-2011), 





































































Supplementary Figure 7.2 Nelson-Aalen cumulative hazard estimates by tertiles of 
A) plant-sourced and B) animal-sourced nutrient pattern scores (cumulative 
average) for study participants aged 18 years and over and both sexes (1991-2011), 






































































Supplementary Figure 7.3 Multivariable adjusted hazard ratio (HR) [95% 
confidence interval] of fractures in joint classified participants across nine strata 
formed with the tertiles of the modern dietary pattern and animal sourced nutrient 
pattern, the China Health and Nutrition Survey 
[Modern I and traditional I were used as references. The model was adjusted for sex, age (continuous), 
energy intake (continuous), educational status (low, medium and high), income (low, medium and high), 
alcohol consumption (none, <1, 1-2, 3-4 per week and daily), smoking (non-smoker and current/ex-
smoker), residency (rural and urban) and physical activity level (metabolic equivalent task-hours/week, 
continuous), body-mass index (continuous) and high blood pressure (yes/no). Exposure levels of dietary 













































































Supplementary Figure 7.4 Multivariable adjusted hazard ratio (HR) [95% 
confidence interval] of fractures in joint classified participants across nine strata 
formed with the tertiles of the modern dietary pattern and animal sourced nutrient 
pattern, the China Health and Nutrition Survey 
[Modern I and animal-sourced I were used as references. The model was adjusted for sex, age (continuous), 
energy intake (continuous), educational status (low, medium and high), income (low, medium and high), 
alcohol consumption (none, <1, 1-2, 3-4 per week and daily), smoking (non-smoker and current/ex-
smoker), residency (rural and urban) and physical activity level (metabolic equivalent task-hours/week, 
continuous), body-mass index (continuous) and high blood pressure (yes/no). Exposure levels of dietary 



















































































Supplementary Figure 7.5 Multivariable adjusted hazard ratio (HR) [95% 
confidence interval] of fractures in joint classified participants across nine strata 
formed with the tertiles of the modern dietary pattern and animal sourced nutrient 
pattern, the China Health and Nutrition Survey 
[Plant-sourced I and animal-sourced I were used as references. The model was adjusted for sex, age 
(continuous), energy intake (continuous), educational status (low, medium and high), income (low, medium 
and high), alcohol consumption (none, <1, 1-2, 3-4 per week and daily), smoking (non-smoker and 
current/ex-smoker), residency (rural and urban) and physical activity level (metabolic equivalent task-
hours/week, continuous), body-mass index (continuous) and high blood pressure (yes/no). Exposure levels 











































































Tertiles of animal-sourced nutrient pattern
